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ELECTROCHEMICAL CHARACTERIZATION AND SENSOR 
BEHAVIORS OF CARBAZOLE BASED COPOLYMERS 
SUMMARY 
Many researchers have been focused on the conducting polymers to commercialize 
them with applications such as thin film transistors, polymer light emitting diodes 
(LEDs), and electrochromic devices in the 1970’s. Conducting polymers can be 
prepared via chemical or electrochemical polymerization. Films of electronically 
conducting polymers are generally obtained onto a support electrode surface by 
anodic oxidation (electropolymerization) of the corresponding monomer in the 
presence of an electrolyte solution. 
The most general use of carbon fibers is to reinforce composite materials due to its 
unique properties such as high strength, high modulus and low density. It is 
important to increase surface characteristics of the reinforcing carbon fibers and 
polymer matrix for demanding high technological applications. In order to achieve 
this, the surface properties of high strength and high modulus carbon fibers were 
studied recently and modification of carbon fiber surfaces by electro polymerizing 
carbazole, methylcarbazole, ethylcarbazole, pyrrole, methylpyrrole, N-
vinylcarbazole, p-tolylsulfonyl pyrrole (pTsp) and their copolymers onto the fibers 
have investigated in detail. Also carbon based materials are popular materials for the 
electrochemical applications, as an active electrode material, carbon offer advantages 
compared to others, i.e. well polarization of the electrode, high surface area, 
processibility, low cost, accessibility, thermal and chemical stability. Porous carbon 
is the most frequently selected electrode materials which offer large surface area and 
very well polarization due to porosity which makes porous carbon is the one of the 
most promising electrode material for sensor and capacitor applications. 
In this thesis, the electrochemical coating of PCz, P(NVCz) and P(Cz-co-pTsp) onto 
CFME and their characterization by proving of polymerization process with 
reflectance FTIR technique, EDX-analysis, morphology of polymers by AFM 
analysis, thicknesses of polymers by SEM measurements, conductivity of polymers 
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on Pt electrode by four point probe technique and oligomer species of solutions by 
UV-vis spectroscopic analysis, and their biosensor properties were reported. 
Electrochemical impedance spectroscopic studies were also performed by measuring 
the specific capacitance (Csp) from Nyquist graph, double layer capacitance (Cdl) 
from Bode-magnitude graph and maximum phase angles of polymers.  
In this study, electropolymerization of carbazole (Cz), N-vinylcarbazole (NVCz) and 
copolymerization of Cz and p-tolylsulfonyl pyrrole (Cz-co-pTsp) were performed in 
detail. Electropolymerization depends on the type of electrode material, solutions 
(electrolyte and solvent), scan rate, switching potential and the methods used for 
electropolymerization. Scanning electron microscopy (SEM) and cyclic voltammetry 
(CV) results helps to estimate the thickness and the homogeneity of polymeric films. 
The micron and nano sized polymeric films were obtained by CV, 
chronoamperometric and chronopotentiometric methods. These results indicated that 
the thickness of the film can be controlled under the optimum conditions. The 
oxidative electropolymerization of carbazole, N-vinylcarbazole, and P(Cz-co-pTsp) 
were carried out in different solutions in 0.1 M (i.e. NaClO4 / PC, NaClO4 / ACN, 
KClO4 / PC, LiClO4 / ACN, LiClO4 / PC, and 0.05 M TEAP / CH2Cl2). The highest 
electroactivity and rate of polymerization were obtained for P(Cz-co-pTsp) 
(oxidation peak current density, 0.49 μA cm-2) compare to PCz (0.15 μA cm-2) and 
P(NVCz) (0.17 μA cm-2). Polymer half wave potential (E1/2) is also smallest in the 
case of PCz (E1/2=0.74 V) compare to P(Cz-co-pTsp) (E1/2=0.82 V) and P(NVCz) 
(E1/2=0.93 V). It is revealed that conjugation length is the longest for PCz. The 
electrocoated copolymer corresponding to an initial feed ratio of [pTsp]0 / [Cz]0=5 
was studied as polaron and bipolaron on indium tin oxide (ITO) by 
spectroelectrochemically. When PCz and P(Cz-co-pTsp) are electrocoated on ITO, 
its electrochromic behaviour can be monitored clearly. Ultraviolet-visible (UV-vis) 
of PCz and P(Cz-co-pTsp) indicate that the polymer has two charge carriers, one is 
polaron, the other bipolaron. Finally, random polymerization of Cz and Cz-co-pTsp 
were studied. Spectroelectrochemical study shows that the band gap of P(Cz-co-
pTsp) is 2.25 eV and ~3.05±0.05 eV for PCz, which is closer to previous findings, 
(3.25 eV). This small change in the band gap may stem from the incorporation of the 
carbazole in the resulting polymer. 
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In this thesis, electrochemical impedance spectroscopy (EIS) was also studied for 
PCz, P(NVCz) and P(Cz-co-pTsp). When they are compared to specific capacitance 
and double layer capacitance behaviours, P(Cz-co-pTsp) in the initial feed ratio of 
[pTsp]0/[Cz]0= 200 has highest capacitance (Csp=15.6 mF cm-2) and double layer 
capacitance (Cdl=18.5 mF cm-2) according to PCz and [pTsp]0/[Cz]0= 1, 2, 5, and 10 , 
which shows the highest surface area for the polymer. The solution effect was also 
investigated in this study. PCz has showed the highest electroactivity in 0.1 M 
LiClO4 / ACN (at 6.5 µA cm-2, 9th cycle was taken) compared in 0.1 M NaClO4 / PC 
(0.5 µA cm-2) and 0.1 M LiClO4 / PC (0.4 , µA cm-2) during the electrogrowth of 
polymer film (9th cycle was taken, at a scan rate of 100 mV s-1). This result is in 
parallel line with the result of capacitance values, the highest specific capacitance 
(Csp=6.80 mF cm-2) and double layer capacitance (Cdl=16 mF cm-2) were obtained 
for PCz in 0.1 M LiClO4 / ACN. The electrochemical parameters of the CFME / PCz, 
P(NVCz), and P(Cz-co-pTsp) / Electrolyte systems were also evaluated by 
employing the ZSimpWin (version 3.10) software from Princeton Applied Research. 
The aim was to obtain the best fitting electrical equivalent circuit model. 
Polycarbazole (PCz) and P(Cz-co-pTsp) films were electrochemically deposited as 
well as in a needle type carbon fiber microelectrodes (diameter ~7μm) using lithium 
perchlorate (LiClO4) as electrolyte and acetonitrile (ACN) as solvent media. CFME / 
P(Cz-co-PTsp), PCz and P(NVCz) electrodes used as a sensor against dopamine. The 
influence of the presence of ascorbic acid on the dopamine signal was analyzed by 
differential pulse voltammetry (DPV). Sensors displaying a good amperometric 
response to different dopamine concentrations with a detection limit of 0.27 μM 
(3S/N) for PCz and 0.5 μM (3S/N) for P(Cz-co-pTsp) in dopamine and an efficient 
protection against ascorbic acid interference at physiology concentration values (500 
μM) were obtained. DPV experiments show that P(Cz-co-pTsp) has the highest 
current (6.93x10-8 A) compare to PCz (65 nA) and P(NVCz) (22 nA) in 0.1 M 
NaClO4 / ACN on carbon button microelectrode. This results are in parallel line with 
the result of needle type carbon fiber microelectrode in 0.1 M LiClO4 / ACN for PCz 
(44.6 nA) and for P(Cz-co-pTsp) (71.5 nA) 
.
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KARBAZOL İÇERİKLİ KOPOLİMERLERİN ELEKTROKİMYASAL 
KARAKTERİZASYONU VE SENSÖR DAVRANIŞLARI 
ÖZET 
Pek çok araştırmacı 1970’li yıllarda iletken polimeri, ince film transistörü, polimer 
ışık yayıcı diyotlar (LEDs), elektrokromik cihazların yapımında kullanarak 
ticarileştirmeye çalışmışlardır. İletken polimerler, kimyasal veya elektrokimyasal 
olarak hazırlanabilmektedirler. Elektrolit çözelti içerisindeki monomer anodik 
polimerizasyon ile çalışma elektrotu üzerine elektropolimerizasyon yapılarak iletken 
polimer filmler elde edilmektedir. 
Karbon fiberler sahip oldukları yüksek mukavemet ve düşük yoğunluk gibi üstün 
özellikleri ile genellikle kompozit malzemelerin güçlendirilmesinde kullanılmaktadır. 
Yüksek teknoloji uygulamalarında daha iyi sonuçlar alabilmek için güçlendirici 
karbon fiber ile polimerin yüzey özelliklerinin geliştirilmesi gerekmektedir. Bu 
amaçla karbon fiber yüzeyi karbazol, metilkarbazol, etilkarbazol, pirol, metilpirol, N-
vinilkarbazol, p-toluyilsulfonil pirol (pTsp) ve bunların kopolimerleri detaylı olarak 
çalışılmıştır. Ayrıca karbon temelli malzemeler elektrot malzemesi gibi 
elektrokimyasal uygulamalarda da kullanılan popüler malzemelerdir. Karbon diğer 
malzemelerle kıyaslanınca elektrotunun iyi polarize olması, yüzey alanının 
büyüklüğü, işlenebilirlik, düşük maliyet, erişilebilirlik, termal ve kimyasal kararlılık 
gibi özellikleri ile öne çıkmaktadır. Gözenekli yapıdaki karbon, geniş yüzey alanı ve 
iyi polarize olması sebebiyle sensor uygulamalarında ve kapasitör uygulamalarında 
en çok umut vaat eden elektrot malzemelerindendir. 
Bu çalışmada döngülü voltametrik yöntemle yapılan ölçüm sonuçlarına göre, 
kopolimer P(Cz-ko-pTsp) oluşumu sırasında pTsp monomer konsantrasyonu artarken 
(Karbazol konsantrasyonu sabit tutulurken), maksimum anodik akım yoğunluğu, 
başlangıç monomer konsantrasyon oranı [pTsp]0/[Cz]0=5 olanda 0.49 μA cm-2 olarak 
elde edilmiştir. Bu değer polikarbazolün (PCz:0.15 μA cm-2) anodik akım 
yoğunluğundan yaklaşık 3 kat daha yüksek elde edilmiştir. Elektrokaplama ile elde 
edilen başlangıç monomer konsantrasyon oranı 5 olan kopolimer indiyum kalay oksit 
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üzerinde (ITO), UV-vis spektroskopisi ile polaron ve bipolaron gözlenmiştir. PCz ve 
P(Cz-ko-pTsp), indiyum kalay oksit üzerine kaplanınca, elektrokromik davranışı 
açıkça izlenmiştir. Spekroelektrokimyasal ölçüm sonuçlarına göre, PCz ve P(Cz-ko-
pTsp) iki yük taşıyıcıya sahiptir, bunlardan biri polaron diğeri bipolarondur. In situ 
spektroelektrokimyasal ölçüm verilerine göre P(Cz-ko-pTsp) nin bant aralığı 2.25 
eV, PCz için ise 3.05±0.05 eV, bu değer literatürde bulunan önceki değerlere çok 
yakındır (3.25 eV). Bant aralığındaki bu küçük değişme, ürün kopolimere Cz ün 
katılmasından kaynaklanıyor olabilir. 
Bu çalışmada karbazol (Cz), N-vinilkarbazol (NVCz) ve karbazol ile p-
toluyilsulfonil pirol (Cz-ko-pTsp) kopolimerinin elektropolimerizasyonu ayrıntılı 
olarak çalışılmıştır. Elektropolimerizasyon, elektrot malzemenin çeşidine, çözeltiye 
(elektrolit ve çözücü), tarama hızına, anodik değişim potansiyali ve 
elektropolimerizasyonda kullanılan metotlara bağlıdır. Taramalı elektron mikroskopu 
(SEM) ve döngülü voltamogram (CV) sonuçları polimer film kalınlıkları ve 
homojenliklerine karar vermeye yardımcı olurlar. Mikron ve nano düzeydeki polimer 
filmleri döngülü voltamogram, kronoamperometrik ve kronopotansiyometrik 
metotlarla elde edildi. Elde edilen veriler filmin kalınlığının optimum koşullar 
uygulanması halinde kontrol edilebileceğini göstermektedir. Karbazol, N-
vinilkarbazol ve P(Cz-ko-pTsp) nin yükseltgen elektropolimerizasyonu farklı 
çözeltilerde çalışılmıştır. (Örneğin, 0.1 M NaClO4/PC, NaClO4/ACN, KClO4/PC, 
LiClO4/ACN, LiClO4/PC ve 0.05 M TEAP/CH2Cl2). En yüksek elektroaktivite ve 
polimerizasyon hızı P(Cz-ko-pTsp) de elde edilmiştir. P(Cz-ko-pTsp) için 
yükseltgenme pik akım yoğunluğu 0.49 μA cm-2, PCz için 0.15 μA cm-2 ve P(NVCz) 
için 0.17 μA cm-2 ). PCz ün yarı dalga potansiyali (E1/2) en küçük değer (E1/2=0.74 
V) elde edilmiştir. P(Cz-ko-pTsp) için E1/2=0.82 V ve P(NVCz) için 0.93 μA cm-2 
karşılaştırmalı olarak bulunmuştur. Bu sonuç, konjugasyon uzunluğunun PCz için en 
fazla olduğunu göstermektedir. 
Elektrokimyasal empedans spektroskopisi (EIS) PCz, P(NVCz) ve P(Cz-ko-pTsp) 
polimerleri için çalışılmıştır. Polimerler, spesifik kapasitans ve double layer 
kapasitans davranışları ile karşılaştırıldığında, P(Cz-ko-pTsp) başlangıç monomer 
konsantrasyon oranı [pTsp]0 / [Cz]0=200 alındığında, en yüksek kapasitans Csp=15.6 
mF cm-2 ve Cdl=18.5 mF cm-2 elde edilmiştir. Bu polimerin en yüksek yüzey alanı 
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olduğunu gösterir. Bu çalışmada polimerizasyonun çözelti etkisi de araştırılmıştır. 
PCz filminin elektrokimyasal kaplama sırasında 0.1 M LiClO4 / ACN ortamında en 
yüksek elektroaktiviteye sahiptir (0.5 μA cm-2, 9. döngü ve 100 mV s-1 tarama 
hızında). Bu sonuç 0.1 M NaClO4 / PC (0.5 μA cm-2) ve 0.1 M LiClO4 / PC (0.4 μA 
cm-2, 9. döngü ve 100 mV s-1 tarama hızında) karşılaştırılmıştır. Bu sonuç kapasitif 
değerle paralel sonuçlar göstermektedir. En yüksek spesifik kapasitans (Csp=6.80 mF 
cm-2 ve Cdl=16 mF cm-2, 0.1 M LiClO4 / ACN ortamında PCz için elde edilmiştir. 
Polikarbazol (PCz) ve P(Cz-ko-pTsp) filmleri kronoamperometrik ve difarensiyal 
pulse voltametrik metotlarla, iğne uçlu karbon fiber mikroelektrot (çapı ~7 μm) 
kullanılarak 0.1 M LiClO4 / ACN çözeltisinde kaplandı. Sensor davranışı farklı 
dopamin konsantrasyonlarına karşı test edildi. Askorbik asidin dopamin sinyali ile 
birlikte bulunma etkisi diferansiyal pulse voltametre ile analiz edildi. Sensorler farklı 
dopamin konsantrasyonlarında iyi sonuç vermiştir. PCz için inilebilecek en düşük 
değer (detection limit) 0.27  μΜ (3S/N) ve P(Cz-ko-pTsp) için 0.5 μΜ (3S/N) dir. 
Ortamda 500 mM askorbik asit bulunduğu ortamda sonuçlar elde edilmiştir. DPV 
deney sonuçlarına göre, P(Cz-ko-pTsp) karbon buton mikroelektrot ile en yüksek 
akım değerine sahiptir (69.3 nA). Bu sonuç PCz (65 nA) ve P(NVCz), (22 nA) ile 
karşılaştırıldığında 0.1 M NaClO4/ACN çözeltisinde tespit edilmiştir. Bu sonuçlar 
iğne uçlu karbon fiber mikroelektrot ile paralel sonuçlar vermektedir. PCz için 44.6 
nA ve P(Cz-ko-pTsp) için 71.5 nA elde edilmiştir. 
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1. INTRODUCTION 
Since the first appearance of the conducting polymers in the late 70s, [1] many 
researchers have been focused on finding applications for the newly discovered 
conducting polymers such as thin film transistors [2], polymer light emitting diodes 
(LEDs) [3], and electrochromic devices [4]. Through the judicious choice of 
molecule combinations it is possible to prepare multifunctional molecular structures 
that open the route possibilities for almost any desired applications. 
Carbazole-based polymer systems have received much attention [5-8] because of 
their interesting thermal, electrical and photo-physical properties. Chemical and 
electrochemical polymerization of carbazole and acrylamide has been studied before 
[9]. Inclusion of acrylamide (AAm) into the polycarbazole (PCz) structure, even 
within a few percent range by electrocopolymerization, improved the thermal 
properties, the flexibility and the surface character of the resulting copolymer [10]. 
This type of copolymer electrodes were prepared by casting them on platinum and 
stainless steel substrate as a thin film. The stability of such copolymer electrodes and 
their electrochemical response to dopamine was already investigated. The 
preparation of P(NVCz) by electrochemical polymerization of N-vinylcarbazole is 
well established [11]. The first stage of electropolymerization involves the oxidation 
of the monomer to the cation radical. Then depending on the electrochemical 
conditions, several pathways of polymerization are possible and in consequence, the 
obtained films reveal different structures and properties [12]. Poly(N-vinylcarbazole) 
can be obtained by two different ways: when the reaction takes place through the 
vinyl group of the monomer, a white, linear-chain polymer, with interesting photo 
conducting properties, is obtained. When the polymerization occurs through the 
aromatic rings, the main product is a green, cross-linked polymer. In addition to this, 
in the bulk of the solution the formation of the non conducting colorless P(NVCz), in 
which the polymer chain is formed exclusively by bonding between vinyl groups, is 
also possible [13]. Carbazole (Cz) monomers with p-Tolylsulfonyl pyrrole (pTsp) 
(used as self- dopant) were electrochemically coated onto micron-size carbon fiber 
by means of potentiodynamic methods. The resulting micron-size thin films of 
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homopolymer and copolymers were characterised by using electrochemical methods 
(i.e., cyclic voltammetry), solid state conductivity measurements (four-point probe), 
spectrophotometric methods (in-situ spectroelectrochemistry), Fourier transform 
infrared reflectance spectroscopy (FTIR-ATR), and scanning electron microscopy 
(SEM).  
The electrochemical impedance spectroscopy (EIS) is one of the most effective and 
the reliable method to extract information about electrochemical characteristics of 
the electrochemical system for instance double-layer capacitance, diffusion 
impedance, determination of the rate of the charge transfer and charge transport 
processes, solution resistance etc. [14] EIS was used to explain the behavior of the 
polymer coated electrodes by well established theories employing two models which 
are known as uniform and porous medium [15]. 
Carbon fiber microelectrodes (CFMEs) are stable and commercially available. Their 
disposable nature and low cost open a wide range of potential applications for 
instance in the field of biosensor. Modification of carbon fiber surfaces is mainly 
based on various oxidizing surface treatments and surface coating process. Surface 
modification by chemical, electrochemical means and plasma treatments enhance the 
wetting properties of the surface [16], and increases the possibility of forming 
attractive bonds (including polar interactions, hydrogen and of course covalent 
bonds) between the reinforcing fibers and the surrounding matrix polymer. 
The brain is a challenging environment for chemical sensing because low 
concentrations of analytes must be detected in the presence of interferences while 
disturbing the tissue as little as possible and because various surface processes 
inherent to biological systems can affect the sensor response. 
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Figure 1.1: Schematic of a Dopaminergic Neuron. 
a) The dendrites of the dopaminergic neuron receive information from other cells. An 
action potential then propagates down the axon to the terminals, where 
neurotransmitters relay information to target cells. b) Enlarged view of a dopamine 
terminal. Dopamine (purple circles) is synthesized from tyrosine and packaged into 
vesicles. In response to an action potential, vesicles release their contents into the 
synapse. Dopamine can then diffuse out of the synapse, interact with receptors, or be 
taken up by the dopamine transporter [17] (Figure 1.1). 
In this thesis, the electrochemical coating of PCz, P(NVCz) and P(Cz-co-pTsp) onto 
CFME and their characterization by proving of polymerization process with 
reflectance FTIR technique, EDX-analysis, morphology of polymers by AFM 
analysis, thicknesses of polymers by SEM measurements, conductivity of polymers 
on Pt electrode by four point probe technique and oligomer species of solutions by 
UV-vis spectroscopic analysis were reported. Electrochemical impedance 
spectroscopic studies were also studied by measuring the specific capacitance (Csp), 
double layer capacitance (Cdl) and maximum phase angles of polymers. 
  4 
 
2. THEORETICAL PART 
2.1. Conductive Polymers 
Conducting polymers (CPs) have attracted considearble interest in recent years 
because of their potential applications in different technologies, for example, in 
electronic dispalys, smart windows, sensors, catalysis, redox capacitors, actuators 
and in secondary batteries [18-22]. In 1958, polyacetylene was first synthesised by 
Natta as a black powder. This was found to be a semi-conductor with a conductivity 
between 7.10-11 to 7.10-3 S m-1, depending upon how the polymer was processed and 
manipulated. This compound remained a scientific curiosity until 1967, when a 
postgraduate student of Hideki Shirakawa at the Tokyo Institute of Technology was 
attempting to synthesize polyacetylene, and a silvery thin film was produced as a 
result of a mistake. It was found that 1000 times too much of the Ziegler-Natta 
catalyst, Ti(O-n-But)4 - Et3Al, had been used. When this film was investigated it was 
found to be semiconducting, with a similar level of conductivity to the best of the 
conducting black powders. Further investigations, initially aimed to produce thin 
films of graphite, showed that exposure of this form of polyacetylene to halogens 
increased its conductivity a billion fold. Undoped, the polymer was silvery, insoluble 
and intractable, with a conductivity similar to that of semiconductors. When it was 
weakly oxidised by compounds such as iodine it turned a golden colour and its 
conductivity increased to about 104 S m-1.  
Conducting polymers (CPs) are an exciting new class of electronic materials, which 
have  attracted rapidly increasing interest since their discovery in 1979 [23]. CPs 
have the potential of combining the high conductivities of pure metals with the 
processibility, corrosion resistance and low density of polymers [24], electrochromic 
displays [25], electromagnetic shielding [26], sensor technology [27], non-linear 
optics [28] and molecular electronics [29]. 
In the 1980's polyheterocycles were first developed. Polyheterocycles were found to 
be much more air stable than polyacetylene, although their conductivities were not so 
high, typically about 103 S m-1. By adding various side groups to the polymer 
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backbone, derivatives which were soluble in various solvents were prepared. Other 
side groups affected properties such as their colour and their reactivity to oxidising 
and reducing agents. Electrochemical polymerization represents a widely employed 
route for the synthesis of some important classes of conjugated polymers such as 
polypyrrole (PPy) and polycarbazole (PCz). During the past two decades these 
materials have been the focus of considerable interest motivated by both fundamental 
problems posed by their structure and electrical properties and their multiple 
potential technological applications [30] including transparent electrode materials 
[31]. Conducting polymers can be prepared via chemical or electrochemical 
polymerization [32]. Electrochemical synthesis is rapidly becoming the preferred 
general method for preparing electrically conducting polymers because of its 
simplicity and reproducibility. The advantage of electrochemical polymerization is 
that the reactions can be carried out at room temperature. By varying either the 
potential or current with time the thickness of the film can be controlled [33]. Films 
of electronically conducting polymers are generally obtained onto a support electrode 
surface by anodic oxidation (electropolymerization) of the corresponding monomer 
in the presence of an electrolyte solution. Different electrochemical techniques can 
be used including potentiostatic (constant potential), galvanostatic (constant current), 
and potentiodynamic (potential scanning i.e. cyclic voltammetry) methods. 
Electrically conductivity is achieved in the film of conducting polymer by oxidation 
(p-doping) or reduction (n-doping), followed respectively by the insertion of anionic 
or cationic species [34]. The π-electron system along the polymer backbone, which 
confers rigidity and the cross linking points between polymer chains, make 
conducting polymers insoluble, infusible and poorly processable.  
Biochemical sensors have been shown to provide complementary and additional 
information to that contributed by the well-established bioanalytical techniques. 
Particular advantages of biochemical sensors concern the following: the possibility 
of miniaturizing the setup, in principle down to the molecular scale, the use of well-
established micro system technologies during manufacture, integration of signal 
preprocessing steps on a chip, and the building of arrays for more complex pattern 
recognition analysis. By combining the use of electronically conducting polymers 
with immobilized enzymes and by making use of the particular properties of 
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conducting polymers, it is possible to develop novel enzyme-based bioelectronic 
devices. As a sensor electrode it has been known that PCz electrodes have a good 
response to dopamine, a biologically important substance [35-37]; however, poor 
mechanical properties limit the use of this type of PCz electrode. Because of this, co-
processing of PCz may offer some improvements in mechanical properties and 
processing technology. 
In view of the wide spectrum of the potential applications, it is clear that a further 
control of the electropolymerization conditions, use of different substrates and 
stability of resulting polymer can contribute to extend the scope of the technological 
applications of conducting polymers as thin films. The electro-grafting of a range of 
copolymers with various monomer concentrations have been recently examined 
using carbon fibers as the electrode [28-40]. The preparation of a range of conductive 
polymers, i.e. carbazole has also been described and the electro-grafting of 
relationship between the polymerization parameters and the surface properties of the 
electrodes are established [41]. 
2.1.1. Use of Conducting Polymers  
Numerous applications have been demonstrated and proposed for conjugated 
polymers. Some of the present and potential commercial applications of these 
systems are listed below [42, 43]. 
- Storage batteries, super capacitors, electrolytic capacitors and fuel cells 
- Sensors (biosensors and chemical sensors) 
- Ion-specific membranes 
- Ion supply / exchange devices (drug and biomolecule release) 
- Electrochromic displays (ECDs) (electromagnetic shutters) 
- Corrosion protection 
- Transparent conductors 
- Mechanical actuators (artificial muscles) 
- Gas separation membranes 
- Conductive thermoplastics 
- Microwave wieldable plastics 
- Electromagnetic interference (EMI) shielding 
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- Aerospace applications (lightning strike protection, microwave absorption / 
transmission) 
- Conductive textiles 
- Anti-static films and fibers (photocopy machines) 
- Conductor / insulator shields 
- Neutron detection 
- Photoconductive switching 
- Conductive adhesives and inks 
- Electronics (conductor feedthroughs) 
- Non-linear optics 
- Electronic devices 
This list can be divided into three main classes based mainly on function and redox 
state. Firstly, applications that utilize the conjugated polymer in its neutral state are 
often based around their semi-conducting properties, as in electronic devices such as 
field effect transistors or as the active materials in electroluminescent devices. 
Secondly, the conducting forms of the polymers can be used for electron transport, 
electrostatic charge dissipation, and as EMI-shielding materials. These first two types 
of applications can be viewed as “static” applications (as the polymers do not change 
their electronic state during use). The final area of the applications is based around 
those that use the ability of the polymers to redox switch between charge states. 
These include their use as battery electrode materials, electrochromic materials, and 
in ion release devices and biosensors. 
Conducting polymers show interesting electrochromic properties. For instance, 
depending on the structures and substituents, polymer films show different colors 
and different properties, such as cathodic or anodic coloration, multi-coloration, etc. 
The remarkable advances in electrochromic performance can be viewed from several 
fronts. First, the range of colors now available effectively spans the entire visible 
spectrum [44] and also extends through the near and mid-infrared regions. This is 
due to the ability to synthesize a wide variety of polymers with varied degrees of 
electron-rich character and conjugation. For example, a fine adjustment of the band 
gap, and consequently of the color, is possible through modification of the structure 
of the polymer via monomer functionalization, copolymerization [45] , and the use of 
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blends, laminates and composites [46, 47]. Second has been the marked increase in 
device lifetimes. The key to this is control of the degradation processes within the 
polymeric materials (by lowering the occurrence of structural defects during 
polymerization) and the redox systems [48, 49]. Third, the polymer based ECDs have 
achieved extremely fast switching times of a few hundreds of milliseconds for large 
changes in optical density. This fast switching is attributed to a highly open 
morphology of electroactive films, which allows for fast dopant ion transport [50]. 
Other beneficial properties of polymers are outstanding coloration efficiencies [51] 
along with their general process ability. 
2.2. Conjugated Polymers  
During the last twenty years, conjugated polymers, such as polyacetylene, 
polyaniline, polypyrrole, polythiophene, etc., have attracted tremendous attention, 
mainly because of their interesting optical, electrochemical and electrical properties. 
These properties may lead to a variety of applications such as information storage, 
electroluminescent devices, optical signal processing, solar energy conversion 
materials, electrochemical cells, EIM shielding, antistatic coatings, bioelectronic 
devices, etc.[52-54]. For instance, these materials are well known for their high 
electrical conductivity arising upon doping (oxidation, reduction and protonation). 
The delocalized electronic structure of these polymers is partly responsible for the 
stabilization of the charge carriers created upon doping and electrical conductivities 
in the range of 1-1000 S cm-1 can be reached in most cases. Moreover, processibility 
and a high level of conjugation have been obtained through the incorporation of alkyl 
side chains on polythiophene [55-60]. 
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Table 2.1: Electrochemical Peak Potentials of Some Monomers. 
Compounds Peak potentials / V  
(vs. SCE) 
Pyrrole 1.20 
Thiophene 2.07 
Pyrene 1.23 
Carbazole 1.30 
2.2.1. Field- Responsive Conjugated Polymers 
In addition to the use of colorimetric detection, due to the change in the absorption 
characteristics of the polymer backbone, electrochemical techniques can be also 
advantageously employed. The recognition or binding events, between the 
functionalized side chains and the external stimuli, could be detected and measured 
by taking advantage of the large difference in the electronic structure between a 
planar and a nonplanar form of the polymer backbone. This results in a very 
significant shift of the oxidation potentials, allowing the design of highly selective 
and efficient electrochemical sensors. 
2.3. Electrochemical Polymerization 
2.3.1. Electrochemical Initiation 
Faraday’s law is the fundamental principle governing electropolymerization. A 
comparison of product yield charge transferred is a reliable criterion for judging 
whether a simple a reaction path is followed or a complex set of reactions takes 
place. The occurrence of chain propagation reactions is immediately evident when 
large numbers of monomer units are polymerized per electron transferred [61-62]. 
An electrode reaction, by definition, takes place by a transfer charge between two 
phases. Often this is associated with the change of charge carrier (e.g. electrons in a 
metal and ions in an electrolyte). All electrode reactions are interfacial in nature, 
which means reacting species must be transported to and from the interface [63]: 
R(s)                 O + e-       (Oxidized)                                                                    (2.1) 
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The particular characteristic of electrode reaction is that depends on the potential 
applied to the electrode surface. The rate of the electrode reaction is conveniently 
measured as a current because each elementary reaction is accompanied by the 
transfer of a unit charge across the interface. In electro-organic reactions, the active 
species are generated on the electrode surface through electron transfer between a 
substrate molecule and the electrode in which the substrate molecule is transformed 
to a cation radical or anion radical, depending on the direction of electron transfer. 
Thus the active species is generated through electron transfer between a substrate and 
an electrode, as this always involves inversion of the polarity of the substrate, this 
type of inversion is not always easy in organic synthesis. The electrochemical 
synthesis of conducting polymer is an electro-organic process rather than an organic 
electrochemical one, because the emphasis is on electrochemistry and the 
electrochemical process rather than organic synthesis. Electrochemical 
polymerization is a radical combination reaction and is diffusion controlled. The 
radicals generated thus diffuse towards each other and react faster than they can 
diffuse away from the electrode vicinity. Hence at lower potential the generation of 
radicals can be controlled in such way that diffusion away from the electrode surface 
is minimized to avoid a disproportionate reaction of these free radicals. 
Electropolymerization appears to be a very straightforward synthesis, but for a 
proper understanding of the phenomenon, attention should be paid to the metal 
electrode / solution interface. 
2.4. Pyrrole Containing Polymers 
Among the numerous conducting polymers prepared to date, polypyrrole is by far the 
most extensively studied. The reasons of this craze for polypyrrole lies certainly in 
fact that the pyrrole is easily oxidized, water soluble commercially available. Hence, 
polypyrrole present several advantages including environmental stability, good redox 
properties and the ability to give high electrical conductivities [64-66]. As a result of 
its good intrinsic properties, polypyrrole has proven promising for several 
applications batteries, super capacitors, electrochemical biosensors, conductive 
textiles and fabrics, mechanical actuators, EMI shielding, antistatic coatings and drug 
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delivery systems [67]. The intrinsic properties of polypyrrole are highly dependent 
on electropolymerization conditions. 
Off all known conducting polymers, polypyrrole is the most frequently used due to 
its conductivity and the possibility of forming homopolymers or copolymers with 
optimal properties. But it is hard and brittle and these poor properties greatly restrict 
its potential for applications [68]. Attempts have been made for copolymerization 
with other heterocyclic monomers with the aim of improving the properties of the 
resulting product. So far, copolymers of pyrrole with heterocyclic monomer have 
been prepared by electrolytic oxidation. 
P-Tolylsulfonyl pyrrole (pTsp) is a new type monomer, which contains sulfonyl 
groups. It is a base for high performance polymers used in electro technique, aero 
spatial, chemical, drug and food industries, due to their resistance to high 
temperature, impact, fire, X and ß radiations, as well as to their mechanical and 
electrical properties [69, 70]. There are a few drawbacks that limit their applications, 
such as poor resistance to aromatic solvents and UV radiations [71]. Chemical 
modification is an efficient method to improve polymer properties. Modified 
polysulfones are used in coatings, membranes, selectively permeable films, ion-
exchange fibers and resins [72-76]. In the electropolymerization of pyrrole, the 
oxidation of the monomer yields a radical cation at the initiation step. It is a pair of 
radical cations that couple to a dimer and deprotonate, producing a bipyrrole. After 
the deprotonation step, the bipyrrole is oxidized again and coupled with another 
oxidized segment. Deprotonation and reoxidation follow, and the process continues 
with the formation of oligomeric species and finally polypyrrole [77].  
In general, the conductivity and the thermal stability of the PPy are strongly 
dependent on polymerization conditions such as concentration of pyrrole and dopant, 
the applied voltage, solvent, temperature, and kind of dopant [78, 79]. In a recent 
investigation of PPy doped with various protonic acids, it was found that 
hydrochloric acid (HCl) and sulfonic acid were the best dopants in terms of 
conductivity and stability. Because the interchain interaction and the conformation of 
conducting polymers are varied by changes in the chemical structure and the charge 
transfer with dopants, these also affected the conductivity and the thermal stability 
[80, 81]. Compared with PPy film doped with HCl, the thermal stability of the film 
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doped with sulfonic acid was enhanced [82]. However, the conductivity of the film 
doped with sulfonic acid was decreased because of its bulky structure. Moreover, 
many researchers have reported that the dopant mixtures induced high conductivity 
[83].  
2.4.1. Pyrrole (Py) 
One class of organic heterocyclic compounds unsaturated ring structure is composed 
of four carbon atoms and one nitrogen atom. The simplest member of the pyrrole 
family is pyrrole itself, a basic heterocyclic compound; colorless to pale yellow, 
toxic oil with pungent taste and similar to chloroform odor, insoluble in water; 
soluble in alcohol, ether, and dilute acids; boils at 129-131 0C; polymerize light. 
Pyrrole ring system is involved in colored products (green pigment, chlorophyll; red, 
hemoglobin; blue indigo) in nature. Pyrrolidone, the saturated tetra hydro pyrrole, is 
part of the structures of amino acids (proline and hydroxyproline). Pyrroline is a 
pyrrole in which one of the two double bonds has been hydrogenated. Pyrrole and its 
derivatives are widely used as intermediate in synthesis of pharmaceuticals 
medicines, agrochemicals, dyes, photographic chemicals, perfumes and other organic 
compounds. They are also used as catalysts for polymerization process, corrosion 
inhibitors, preservatives, and as solvents for resins and complex catalyst for uniform 
polymerization, luminescence and spectrophotometric analysis.  
2.4.1.1. Properties of Pyrrole 
The property of the pyrrole is given in the following conditions, Formula: C4H5N, 
Mol Wt: 67.09, physical state: pale yellow liquid, Melting point: -23 0C, Boiling 
point: 129-131 oC, Specific gravity: 0.965-0.975. Solubility in water: > 6 (10 %), 
Refractive index: 1.5082, Stability: Stable under ordinary conditions. 
2.4.2. Para-Tolylsulfonyl pyrrole (pTsp) 
P-Tolylsulfonyl pyrrole is a new type monomer, which contains sulfonyl groups. It is 
a base for high performance polymers used in electro technique, aero spatial, 
chemical, drug and food industries, due to their resistance to high temperature, 
impact, fire, X and ß radiations, as well as to their mechanical and electrical 
properties [84]. There are a few drawbacks that limit their applications, such as poor 
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resistance to aromatic solvents and UV radiations [85]. Chemical modification is an 
efficient method to improve polymer properties. Modified polysulfones are used in 
coatings, membranes, selectively permeable films, ion-exchange fibers and resins 
[86-89]. Structure and abbreviation of monomers (Py and pTsp) and polymers (PPy) 
were given in Table 2.2. 
Table 2.2: Structure and Abbreviation of Monomers (Py and pTsp). 
 
Structures 
 
Monomers 
N
H  
 
Py  
 
 
 
 
 
 
 
 
 
 
pTsp 
2.5. Carbazole Containing Polymers 
Polycarbazole is one of the many relatively new conducting polymer groups with 
good electrochemical characteristics, and its conductive form can easily be obtained 
by the electrochemical method [90]. Investigations related to chemical modification 
or copolymerization of carbazole with other monomers have led to the use of PCz 
and its derivatives as redox catalysts, photoactive devices, sensors, electrochromic 
display, electroluminescent devices and biosensors [91, 92]. Conducting polymers 
have strong intermolecular interactions resulting in infusible and insoluble polymers 
SO O
N
CH3
  14 
 
[93]. Due to poor processibility of conducting polymers, there have been many 
attempts to improve electrically conducting polymers. For more than 10 years, many 
research teams have synthesized and studied the properties of soluble conjugated 
polymers. The research teams observed that the presence of various substituents 
groups on the monomer unit increases the solubility, but often decreases the 
conductivity [94]. As a consequence, regioregular conjugated polymers have been 
synthesized in order to alleviate this problem [95]. There are few studies describing 
the synthesis by oxidation of heteroatomic copolymers containing carbazole units 
[96]. One of the reasons for the lack of interest in this technique is that it is difficult 
to obtain polycarbazole with high molecular weight through an oxidative route. 
Although in a strongly acidic hydro-alcoholic medium the anodic route can lead to 
the formation of oligomers of carbazole [97], the oxidation of a carbazole derivative 
in organic medium principally leads to the formation of a dimer [98], which is 
generally soluble in the medium. Nevertheless, the presence of carbazole groups as 
repetitive chain units is interesting for multiple reasons. First, they possess intense 
ultraviolet absorption spectra and can be used in electroluminescent devices [99, 
100]. Secondly, carbazole derivatives are good electron donors [101], which mean 
they can be used in studies of photo-induced energy transfer and electron transfer to 
electron acceptors. The last property makes carbazole-containing polymers attractive 
in regards to many electronic applications and photo electronic applications [102-
104]. 
Electrochemical oxidation of milimolar carbazole in acetonitrile containing [0.1 M 
tetra-n-butyl ammonium perchlorate (TBAPC) at +1.3 V (vs. SCE)] yields an 
amorphous conducting film which adheres to the platinum (Pt) electrode. For 
polymer formation, subsequent reoxidation of the dimer is essential. The 9, 9’-dimer 
does not meet this requirement due to its high oxidation potential. Therefore, it 
would not further polymerize. Consequently, “polycarbazole” might be derived from 
the 3, 3’-dimer and might essentially have a poly(3,6-carbazolediyl) structure. 
Chronoamperometric and chronopotentiometric oxidation studies have shown that 
transfer of electrons (n) for carbazole oxidation fall in the range of 2.5 to 2.8. For 
authentic 3, 3’-dicarbazyl the n value is 1.92. Most likely, the oxidation of the 3, 3’-
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dimer yields the same type of conducting polymers as obtained from carbazole. This 
would further substantiate the poly(3,6-carbazolediyl) structure [105]. 
The elemental analysis data (C12H13N) (ClO4)0.45 reveal that these films are very rich 
in hydrogen and contain a high level of perchlorate anions. The films are most likely 
a mixture of low-molecular-weight oligomers, unlike the crystalline radical cation 
salts obtained by Chiang et al. in a very pure THF solvent [106]. In order to examine 
the effect of the polydispersity on some electrochemical properties, Chevrot et al. has 
studied the electrochemical behaviour of poly(N-alkylcarbazole) dissolved in 
dichloromethane [107]. Only a few studies are devoted to the electrochemical 
behaviour of conjugated polymers in solution [108-110]. 
The carbazole system, though yielding a very poor polymer or only oligomers, is of 
interest from a reaction-mechanistic point of view.  The reaction medium affects the 
isomer distribution drastically. In the presence of sulfuric acid using dichromate as 
the oxidant it will form only the 3, 3’-dicarbazyl; whereas, in the absence of sulfuric 
acid the 9, 9’-dicarbazyl is also produced.  
Electro-grafting of copolymers with conductive and nonconductive contents onto 
carbon fibers has also recently been studied [111-114].  
N-ethylcarbazole and thiophene copolymer was synthesized and polymerized [115]. 
N-ethylcarbazole was chosen as an internal conjugated moiety so as to provide a 
planar, synthetically flexible core, which could easily be derived with no loss in 
extent of conjugation [116]. N-vinylcarbazole-acrylamide copolymer electrodes and 
their redox behavior to dopamine have been checked by CV [117]. Large variety of 
polycarbazole and their derivatives have been described in the last thirty years. Over 
the last years, Sarac and co-workers have also studied carbazole derivatives [118-
138].  
2.5.1. Carbazole (Cz) 
Carbazole (Cz) is a group of organic heterocyclic compounds containing a 
dibenzopyrrole system; white crystalline solid, insoluble in water, melts at 244 0C. 
Carbazole and its derivatives are widely used as intermediates in synthesis of 
pharmaceuticals, agrochemicals, dyes, pigments and other organic compounds. Cz is 
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a prototypical organic molecule that has shown potential for technological 
applications. Polymers based on this molecule have good electro- and photo- active 
properties due to their high hole-transporting mobility, strong absorption in the 
ultraviolet spectral region and blue-light emission as well. Already within the 
xerographic industry polymers have been considered for use as photoconductive 
charge-transport layers [139]. 
2.5.1.1. Properties of Carbazole 
The properties of the carbazole are given in the following conditions, Formula: 
C12H9N, Mol Wt: 167.21, physical state: White to Grey Crystalline Powder, melting 
point:  244 oC, Boiling point: 355 oC, Specific gravity: 1.1, Solubility in water: 
Insoluble, Stability: Stable under ordinary conditions. 
2.6. Polycarbozole 
Polycarbozole belongs to a group of relatively new conducting polymers with good 
electrochemical characteristics, and its conductive form can easily be obtained by the 
electrochemical method (Figure 2.1). Polycarbazole can be used in various 
applications. The copper (II) ion selective microelectrochemical transistor was 
developed using polycarbazole. The selectivity of the device for some metal ions, 
such as Cu(II), Cu(I), Fe(II), Fe(III), and Zn(II), was also reported. Polycarbazole has 
a potential as the cathode active material for secondary batteries. 
 
 
 
 
 
 
 
 
Figure 2.1: Structure of Polycarbazole 
N
N
N
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H
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Many heterocyclic nitrogen compounds, especially carbazole based polymer 
systems, can be chemically polymerized to yield materials with interesting 
properties. Most studies examined the chemical oxidation of carbazole [140-142] and 
its derivatives [143]. Polycarbazole and its derivatives have been recommended for a 
number of applications such as redox catalyst, photo-active devices, sensors and 
electrochromic displays. 
The п-electron system along the polymer backbone, which confers rigidity, and the 
cross linking points between polymer chains, make polycarbazole insoluble, infusible 
and therefore poorly processable. Co-processing of polycarbazole may, therefore 
offer improvements in mechanical properties and processing technology. Researches 
have studied for important properties of carbazole polymers by means of chemical 
modification or copolymerization of N-vinyl carbazole with other monomers [144-
146].  
2.6.1. Electropolymerization of Carbazole 
Since the carcinogenic activity of carbazole molecules [147] may be associated with 
their redox properties. Present and future studies may verify the presence of other 
substituted carbazoles, it was deemed desirable to carry out a broad survey of the 
anodic oxidation pathways of a number of variously substituted carbazoles. Due to 
solubility problems, these studies were limited to nonaqueous media, namely 
acetonitrile. 
When Cz is oxidized in TEAP / ACN at platinum, the initial step is the removal of 
one electron to form a very unstable cation radical. This cation radical reacts by 
deprotonation-coupling to form the 9, 9’ –and 3, 3’ –bicarbazly that is more easily 
oxidized than carbazole itself and so the former losses two electrons in two reversible 
one electron steps to yield a moderately stable dication with extensive conjugation. 
The 9, 9’ –bicarbazly is only formed initially under cyclic voltammetric conditions 
and could not be isolated from controlled-potential electrolyses in un-buffered ACN. 
The 3, 3’ – bicarbazly was isolated in moderate yields. The 9, 9’ –bicarbazly was 
found to form quantitively, however, when electrolyses were carried out in the 
presence of an organic base such as pyridine. This fact led to the conclusion that the 
carbazole cation radical forms the 9, 9’ – bicarbazly by diffusing out into solution. 
Followed by deprotonation of the central nitrogen and subsequent coupling of the 
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resultant free radicals in solution before they can diffuse back to the electrode to be 
further oxidized. 
Ambrose and Nelson [148], who is the first to have studied the mechanism involved 
in the electrochemical oxidation of a certain number carbazoles, have shown that the 
electrochemical oxidation of carbazole displays all the characteristic of a classical 
Electrochemical-Chemical-Electrochemical (ECE) mechanism, and proposed the 
following reaction: Structures A, B and C in the below (Figure 2.2) are the most 
important resonance forms for the carbazole cation radical. According to above 
mentioned authors, when there is no proton scavenger such as pyridine the 
dimerization of cation radicals (A) occurs at the 3 position and leads to the formation 
of 3, 3’ –dicarbazyl (C). This compound, oxidizes more easily than the carbazole, 
and gives the quinoidal dication (E) which precipitates in the electrolysis cell. 
Although the films could be reduced chemically, neither the redox properties nor the 
film stability was tested by Bargon et al [149]. Electrochemical oxidation of Cz in 
ACN containing TEAP vs. Standard Calomel Electrode (SCE) yields an amorphous 
conducting film which adheres to the Pt anode. Unlike polypyrrole, polythiophene or 
polyazulene, these films are very brittle and crack easily. The films have low 
electrical conductivities of 10-4 <σ <10-1 Ω-1 cm-1 at 300°K, and the elemental 
analysis data, (C12H13N) (CIO4)0.14, reveal that they are very rich in hydrogen and 
contain a high level of perchlorate anions. The films are more likely mixtures of low 
molecular weight oligomers, but certainly different from the crystalline radical cation 
salt. A better morphology and adhesion of the coating to the substrate were achieved 
by pulse galvanostatic oxidation of carbazole in DMF [150], although the 
electrochemical properties of the deposits were not described in this case either. And, 
the oxidation of the carbazole in protic acid medium provides an easy, straight route 
for synthesizing films bound to an inert electrode substrate which, in a suitable acid 
electrolyte, exhibit fair conductivity and stable redox behaviour. The films obtained 
are similar to those deposited from aprotic media, as both behave in the same way 
when they are tested under the same conditions. 
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Figure 2.2: The Mechanism of Electropolymerization of Cz. 
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2.6.2. N-Vinylcarbazole (NVCz) 
NVCz was polymerized by radical polymerization or cationic polymerization. 
PNVCz has the following properties: high refractive index (>1.68) expected to be 
applied for hologram recording; organic semi-conductor properties expected to be 
used for making organic light-emitting diodes and organic transistors. 
2.6.2.1. Properties of N-Vinylcarbazole 
General properties: Form: Crystalline powder, Color: White or off-white, Formula: 
C14H11N, Molecular weight: 193.25, Boiling point: 155 oC (3 mmHg), Melting point: 
65 oC, Solubility: Negligible in water, soluble in methanol and toluene. 
2.7. Poly (N-Vinylcarbazole) (P(NVCz)) 
P(NVCz) is a glassy, brittle material. It was produced commercially in the 1940s in 
both Germany and the US, primarily for application as high temperature dielectric 
capacitor. The discovery in the 1957 of its photo electronic behaviour created a 
strong industrial interest in finding a commercial utilization for this interesting 
property. This was in fact realized in 1970 when IBM Corporation introduced the 
first commercial organic polymeric photoconductor, based on PNVCz, in its Copier I 
series of electro-photographic (photocopying) machines. 
The bulkiness of the pendant carbazole group and the hindered rotation around the C-
N bond linking it to the backbone dominate the structural and physical properties of 
the material. The polymer chains are rigid and rod-like. In the solid, the polymer 
forms ordered paracrystalline structures induced by the pendant group packing rather 
than stereo regularity in the chain, a phenomenon not encountered in other vinyl 
polymers. The glass transition temperature (Tg) for P(NVCz) is 227 oC, among the 
highest known for a vinyl polymer, and the material exhibits excellent thermal 
stability. Unfortunately, this property has never been exploited because of the 
extreme brittleness of the polymer. Attempts to improve the mechanical and 
processing properties by conventional techniques (plasticization, orientation and 
copolymerization) have been successful enough to overcome this limitation. 
The common usage of P(NVCz) material has been restricted due to the poor 
processibility and the lack of stability [151]. It should be emphasized that N-vinyl 
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carbazole is not polymerized only through benzene ring but also through vinyl 
groups. Electrochemical polymerization of NVCz is different from that of pyrrole, 
carbazole and thiophene etc. [152, 153]. In comparison with the rather simple 
molecules of these five member heterocyclic, NVCz represents a more developed ∏ -
electron system with more mesomeric forms of the cation radical and with 
polymerization centers on both the benzene ring and the vinyl group. Consequently, 
P(NVCz) with different structure and composition can be prepared by means of 
electrochemical methods [154]. The preparation of P(NVCz) by electrochemical 
polymerization is known for many years [155]. Polymerization of N-vinylcarbazole 
(NVCz) is possible by electrochemical oxidation. Direct anodic oxidation leads 
mainly to the green form of the polymer. Protons released from the initial oxidation 
of the aromatic rings, induce the polymerization through the vinyl group. Indirect 
electrolysis, making use of an intermediate to achieve oxidation of the monomer, is 
also possible. In particular, the electrochemical generation of Cerium (IV) allows 
increasing selectivity towards the linear-chain polymer, and can be the basis for the 
development of a new process, involving the anodic oxidation, in aqueous phase, of 
Cerium (III) to Cerium (IV), which will activate the polymerization reaction through 
the vinyl group. 
The electrolysis of NVCz solution usually results in a coating on the anode surface 
with a green conducting polymer. Sarac et al [156] indicated that Cerium (IV) salts 
initiates the vinyl polymerization; both ceric ions and primary free radicals 
participate in the initiation process while termination occurs exclusively by 
interaction of propagating chain radicals and ceric ions or mutual combination of 
growing chain.  
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Table 2.3: Structure and Abbreviation of Monomers (Cz and NVCz) and Polymers 
(PCz and P(NVCz)). 
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Wightman and coworkers [157] examined the effect of chemical reactions following 
the initial electron transfer at microelectrodes. The advantage of a conducting 
polymer is inherent in the fact that conduction, and therefore the interfacial electron 
transfer, can take place in wide potential windows. Hence, a multitude of polymeric 
coatings for a wide variety of electrode applications in electrochemistry have been 
applied [158, 159]. Structure and abbreviation of monomers (Cz and NVCz) and 
polymers (PCz and P(NVCz)) are given in Table 2.3. 
2.7.1. Electropolymerization of N-Vinylcarbazole 
It should be noted that up to 1982 the electrochemical polymerization of NVCz had 
been undertaken for preparative purposes [160], and that only products obtained in 
solution have attracted attention. There are many ways for electrochemical 
polymerization processes that N-Vinylcarbazole monomer is different ways from that 
of pyrrole, thiophene etc. [161]. It should be emphasized that P(NVCz) is 
polymerized not only through carbazole units but also through vinylene groups. 
Consequently, polymers with different structure and composition can be 
electrochemically prepared [162]. The redox behaviour of P(NVCz) films, of which 
structure is shown in Figure 2.3, depends strongly on the water content of the 
acetonitrile solution. In dry acetonitrile, the redox process is relatively fast and 
reversible. In a mixture containing 10 % H2O + 90 % CH3CN, irreversible changes 
of the polymer occur during oxidation and these are attributed to nucleophilic 
reaction of water molecules with the radical cations of P(NVCz). In a solution 
containing 90 % H2O + 10 % CH3CN, oxidation of the polymer is inhibited, 
probably because of a strong contraction of the polymer film in contact with the 
aqueous phase. It has recently been shown that the level of conductivity can be 
significantly enhanced (up to 6x10-4 S cm-1) by employing electrochemical oxidation 
of P(NVCz) in thin films coated onto a platinum electrode [163]. Stable polymer 
coats with good adhesion characteristics were prepared by evaporation of a small 
quantity of a solution of P(NVCz) from platinum foil [164]. The preparation of 
P(NVCz) via electrochemical polymerization is known since many years. The first 
stage in electropolymerization involves the oxidation of the monomer to the cation 
radical. Then, depending on the electrochemical conditions, several pathways of 
polymerization are possible and, the obtained films yield different structures and 
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properties. P(NVCz) can follow two different paths, depending on the 
polymerization mechanism: when the polymerization takes place through the vinyl 
group of the monomer, a white linear-chain polymer with interesting photo 
conducting properties is obtained. The deep-green color of the deposit is the results 
of the oxidation of white P(NVCz), following the stages depicted in Figure 2.4. 
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Figure 2.3: Structures of P(NVCz). 
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Figure 2.4: Oxidation of Poly(N-vinylcarbazole) Mechanism. 
2.8. Dopamine (DA) (C8H11NO2)  
Dopamine is one of the excitatory neurotransmitters that plays an important role in 
several physiological events (Figure 2.5). It is involved in the functioning of renal, 
cardiovascular, hormonal and nervous systems. Dopamine is also involved in 
neurological diseases such as Parkinson’s [165], Alzheimer’s disease [166] and 
schizophrenia [167]. It has been also suggested that dopamine plays a role in drug 
addiction [168–171] and some manifestations of HIV [172, 173] Therefore, efforts 
have been orientated towards finding a sensitive, selective and reproducible method 
for the quantification of dopamine. 
Dopamine is an electrochemically active compound that can be oxidized at an 
appropriate potential. Dopamine is present at low concentrations in the human body 
(nM range). On the other hand other electroactive compounds such as ascorbic acid 
are normally present together with dopamine in human body samples. This 
electroactives compounds will interfere with the dopamine signal since they are 
present at high concentrations and their oxidation potentials are close to the 
dopamine oxidation potential. Different strategies have been used to overcome these 
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problems. Different approaches using films (Nafion) [174], over oxidized 
polypyrrole [175], over oxidized poly(1,2-phenylenediamine) [176], poly(3-
methylthiopene) [177], clay modified electrodes [178], polythiophene [179, 180], 
self-assembled monolayer [181, 182], and poly(2-picolinic acid) [183] among others 
have been used  to electrocatalize the oxidation of dopamine.  
Dopamine is a monoamine neurotransmitter that upon binding to a dopamine 
receptor releases a variety of downstream signals. Melting point, 82.5 oC, boiling 
point: 270 oC. Dopamine is a compound that is highly sensitive to oxygen. It is made 
by our brain cells and is a hormone-like neurotransmitter. Chemists sometimes refer 
to it as a feel-good chemical that is present in our brains. It is responsible for 
fundamental brain functions. It tells our body how to move and what actions to take. 
Basically it is responsible for how we think and act. A lack of dopamine can lead to 
brain dysfunctions such as Parkinson’s disease. This deficiency of dopamine in our 
body can be treated with nutrients and amino acids, which are the raw materials that 
our body uses to make these neurotransmitters naturally. Dopamine is associated 
with feelings of pleasure and elation. It is a chemical that transmits pleasure signals 
[184]. 
The brain is a challenging environment for chemical sensing because low 
concentrations of analytes must be detected in the presence of interferences, while 
disturbing the tissue as little as possible, and because various surface processes 
inherent to biological systems can affect sensor response. Thus, to make meaningful 
measurements, we must understand the properties of the analytical sensor and the 
general characteristics of the biological system. The perfect sensor would be highly 
sensitive and selective, with an infinitely fast response time. However, there is 
always a compromise among these three properties, and biological experiments must 
be designed with these variables in mind. 
It is important to minimize the size of the electrode so that synapses can be 
approached as closely as possible and tissue damage minimized. Typical cylindrical 
carbon fiber microelectrodes used in vivo are 5 µm in diameter and 100 µm long. 
Measuring dopamine in the brain is complicated by the presence of numerous other 
electroactive endogenous compounds. Several easily oxidized compounds have been 
identified in brain fluid samples, including dopamine metabolites such as 3, 4-
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dihydroxyphenylacetic acid and homovanillic acid; the antioxidant ascorbic acid; and 
other neurotransmitters, such as nitric oxide, norepinephrine, and serotonin. Because 
many of these compounds are present in large concentrations, electrochemical 
selectivity is important in discriminating the dopamine signal. Also, after dopamine 
neuronal activity occurs, changes in blood flow cause local alkaline pH fluctuations, 
which can interfere with dopamine detection by altering the background charging 
current of the electrode in many electro analytical techniques [185] Minimization of 
electrical noise is critical for measuring low concentrations. Increasing the electrode 
area can increase the dopamine oxidation current (the signal) relative to the 
fundamental noise of the amplifiers. Therefore, cylindrical electrodes provide greater 
sensitivity than smaller disk electrodes for measuring dopamine.  
OH
OH
CH2 CH2 NH2
 
Figure 2.5: Structure of Dopamine. 
2.9. Ascorbic Acid (A.A) (C6H8O6) 
Ascorbic acid is an organic acid with antioxidant properties (Figure 2.6). Its 
appearance is white to light yellow crystals or powder. It is water soluble. The L-
enantiomer of ascorbic acid is commonly known as vitamin C. The name is derived 
from a scorbuticus (scurvy) as a shortage of this molecule may lead to scurvy. In 
1937 the Nobel Prize for chemistry was awarded to Walter Haworth for his work in 
determining the structure of ascorbic acid (shared with Paul Karrer, who received his 
award for work on vitamins), and the prize for Physiology of Medicine that year 
went to Albert Szent-Györyi for his studies of the biological functions of L-ascorbic 
acid. Ascorbate acts as an antioxidant by being itself available foe energetically 
favorable oxidation. Many oxidants (typically) reactive oxygen species such as the 
hydroxyl radical (formed from hydrogen peroxide), contain an unpaired electron and 
thus are highly reactive and damaging to humans and plants at the molecular level. 
This is due to their interaction with nucleic acid, proteins and lipids. Reactive oxygen 
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species oxidize (take electrons from) the ascorbate first to monodehydroascorbate 
and then dehydroascorbate. The reactive oxygen species are reduced to water while 
the oxidized forms of ascorbate are relatively stable and unreactive, and do not cause 
cellular damage. 
 
 
Figure 2.6: Oxidation Mechanism of Ascorbic Acid. 
2.10. Factors Affecting the Electropolymerization 
2.10.1. Monomer substitution 
Presence of alkyl group gives solubility to copolymers obtained both chemically and 
electrochemically [186]. The substituents on the nitrogen atom can influence the 
conductivity: the greater the steric interaction between repeat units is the weaker the 
conductivity will be. The influence of N-substitution on the electropolymerization 
characteristics was examined by Waltman [187]. The polymer yield and the rate of 
oxidation were found the decrease as the size of the alkyl group increases. Bonding 
large substituents to the nitrogen atom or to the β-carbon stabilizes to cation radical 
without stopping the polymerization [188]. If this intermediate is too stable it can 
diffuse into the solution and form soluble products. As a result, the yield and the 
molecular weight of the polymer will be low.  
2.10.2. Effect of the electrolyte 
The choice of an electrolyte is made by considering its solubility and nucleophilicity. 
Moreover the anion oxidation potential should be higher than the monomer. The 
nature of the anion has an impact on the quality of the film produced which depends 
on the hydrophobic character of the anion and the interactions between the polymer 
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and the anion. For instance, Kassim at al. [189] have shown that in aqueous solution, 
the utilization of a large aromatic sulfate anion gives stable conducting polymers 
with better mechanical properties than when a perchlorate anion is used because of 
their hydrophobic interaction with water, one of roles played by these organic anions 
is to orient polymer chain parallel to the electrode surface. This chain orientation 
increases the order in the polymer structure [190]. On the other hand, anion 
nucleophilicity interferes with the reaction by increasing the formation of soluble 
products. The polymer of the highest conductivity is produced when elevated 
concentrations of electrolyte are used [191].  
2.10.3. Effect of the cation 
The copolymer possessing cation recognition properties have been subjected to a 
sustained interest in recent years. The electrochemical properties were analyzed in 
the presence of the different alkali cations (Li+, Na+, K+). In each case addition of 
incremental amounts of cation produces a positive shift of the anodic peak potential 
and a decrease of electroactivity [192]. The size of the cation can have an influence 
on the polymer conductivity. It is shown that the larger cation, the lower conductivity 
of the polymer [193]. 
2.10.4. Effect of the solvent 
The solvent used for electropolymerization is an important factor governing not only 
the quality of the conducting polymer obtained, but also its conductivity, morphology 
and subsequently the electrochemical behavior. The solvent must minimize the 
nucleophilicity reactions. Among these solvents, acetonitrile is the most commonly is 
used. Nucleophilic solvents like dimethylformamide or dimethylsulfoxide do not 
allow polymer formation to occur unless a protic acid, like p-toluenesulfonic acid is 
added [194]. In acetonitrile, the addition of small quantities of water has a big 
influence on the kinetics of the reaction and the properties of the polymer formed 
[195]. This effect is due to the stabilization of the cation radical intermediate by the 
water molecules which have a larger polarity than acetonitrile. 
Film formation is influenced by the strength of the interactions between the solvent 
and the cation radicals. The basicity of the solvent is the principal factor affecting the 
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selectivity in polymer formation. On the other hand, the solvent polarity will affect 
the strength of the interactions between the solvent and the electrolyte anions. 
Ko et al. have studied the morphology and the film properties in aqueous and 
nonaqueous solution (in the case of acetonitrile) [196]. They have found that the 
films prepared in acetonitrile are more homogeneous and better conductors as 
compared to the polymers prepared in aqueous solution which are more porous. The 
polymers prepared in aqueous solution undergo attack by water molecules during 
reaction which is responsible for their irregular morphology and their weak 
properties. Unsworth et al. have shown that the adsorption of oxygen gas formed 
during water oxidation is a source of surface defects in the polymer [197]. 
In dried acetonitrile, acid catalyzed formation of a pyrrole trimer having a broken 
conjugation yields a partly conjugated and poorly conductive PPy which passivates 
the electrode after deposition. The favorable effect of water comes from its stronger 
basicity than pyrrole and therefore it has the ability to capture the protons released 
during the electropolymerization. This prevents the formation of the trimer and thus 
avoids the passivation of the electrode. 
Solvent retention within the polymer matrix, retention of solvent “affinity sites”, are 
important factors. Thus, for instance, several polypyrrole derivatives, when 
electropolymerized in ACN or PC will show a well electrochemically cycle well only 
in the solvent of electropolymerization [198]. Solvents may also be too nucleophilic: 
besides its high solvation capability for even doped CPs, dimethyl formamide (DMF) 
is also a poor electropolymerization solvent due to high nucleophilicity; if this is 
reduced with addition of protic solvents, electro-polymerizations are observed [199]. 
2.10.5. Effect of the Temperature  
Electropolymerization temperature has a substantial influence on the kinetics of 
polymerization as well as on the conductivity, redox properties and mechanical 
characteristics of the films. Films prepared at lower temperatures have a more rugged 
appearance and poorer adhesion than those prepared at higher temperatures [200]. 
a) A conjugated polymer's conductivity decreases with decreasing temperature. 
b) A semiconductor's DC conductivity decreases with decreasing temperature, 
remains finite at low temperatures. 
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c) A metal's DC conductivity increases slightly with decreasing temperature [201]. 
2.10.6. Scan rate dependencies  
One of the first characteristics of a CV of a CP film that one searches for is the 
dependence of the peak current (Ip) on the scan rate (υ). According to well 
established electrochemical treatments, for a behavior dominated by diffusion 
effects, Ip is proportional to υ1/2, whilst for a material localized on an electrode 
surface, such as a CP film, Ip is proportional to υ. For most CP films, the latter case 
obtains, thus indicating surface localized electroactive species. As more detailed 
analysis shows, however, this is so only for CP films that are not inordinately thick 
(which most are not), not inordinately compact (which most are not), and not doped 
with very large dopant ions which have inordinately small diffusion coefficients 
(which most dopants do not). If any of the latter conditions prevail, however i.e. 
wherever dopant diffusion effects can predominate Ip can be proportional to υ1/2, as 
in the case of copolymer. 
2.11. Polymer Modified Carbon Fiber Electrodes 
Carbon due to different allotropes (graphite, diamond, ly. fullerenes / nanotubes), 
various microtextures (more or less ordered) owing to the degree of graphitization, a 
rich variety of dimensionality from 0 to 3D and ability for existence under different 
forms (from powders to fibers, foams, fabrics and composites) represents a very 
attractive material for electrochemical applications, especially for storage of energy. 
Carbon electrode is well polarizable; however, its electrical conductivity strongly 
depends on the thermal treatment, microtexture, hybridization and content of 
heteroatoms. Additionally, the amphoteric character of carbon allows use of the rich 
electrochemical properties of this element from donor to acceptor state. Apart from 
it, carbon materials are environmentally friendly. During the last years a great 
interest has been focused on the application of carbons as electrode materials because 
of their accessibility, and easy processibility and relatively low cost. They are 
chemically stable in different solutions (from strongly acidic to basic) and able for 
performance in a wide range of temperatures. Already well-established chemical and 
physical methods of activation allow producing materials with a developed surface 
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area and controlled distribution of pores that determine the electrode / electrolyte 
interface for electrochemical applications. The possibility of using the activated 
carbon without binding substance, e.g., fibrous fabrics or felts, gives an additional 
profit from construction point of view. 
Taking into account all mentioned characteristics, carbon as a material for the storage 
of the energy in electrochemical capacitors seems to be extremely attractive. High 
performance carbon fibers can be combined with thermoset and thermoplastic resin 
systems. Polyacrylonitrile (PAN) based carbon fibers are under continual 
development and are used in composites in order to produce materials of lower 
density and greater strength. They are used for weaving, braiding, filament winding 
applications, and unidirectional tapes and as prepreg tow for fiber placement having 
excellent creep, fatigue resistance, high tensile strength and stiffness characteristics. 
The use of carbon fiber homogeneously coated by conductive polymers with well-
defined surface functionalities is suitable for the miniaturization of electrode system 
for a particular analyte. The nature of copolymeric films, their structure and 
compositions plays an important role on the final properties of modified carbon 
surface and the interest on the characterization of these functionalized thin films is 
increasing [202]. 
To improve the surface properties of carbon fibers, electrochemical polymerization 
of electro-active monomers such as pyrrole [203–206] onto several carbon fibers has 
been studied in detail. Polymer coated carbon fiber microelectrodes (CFMEs) might 
have been used in the detection of biologically important analysts such as dopamine 
[207, 208], and micron-sized reversible conductive polymer electrodes and actuators 
[209]. The fibers are stable and readily available from a number of commercial 
sources. The disposable character of these electrodes has opened up a wide range of 
possible applications, for example in the determination of enzyme substrates [210], 
neurotransmitters [211], proteins [212] and other redox species [213, 214]. 
2.12. Application of Carbon Fiber Microelectrodes 
Several types of polyacrylonitrile (PAN)-based carbon fibers were used for these 
studies: i.e., high modulus (HM) untreated unsized carbon fibers, or oxidized carbon 
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fibers having 12.000 to 320.000 single filaments in a roving. Conjugated heterocyclic 
monomers [Cz, Th and Py etc,], co-monomers in the presence of unconjugated 
systems were studied previously in different electrolytes, i.e., tetra alkyl ammonium 
perchlorates and tetrabutylammonium hexafluorophosphate (TBAPF6). Tetra alkyl 
ammonium bortetrafluoride, alkaline perchlorates were used in acetonitrile, 
dichloromethane, dimethylformamide, propylene carbonate as solvent mediums 
[215–217]. 
2.13. Electrochemical Impedance Spectroscopy (EIS) 
Electrochemical impedance spectroscopy is a small time technique for the 
investigation of the capacitive behaviour constant which is related to the electrical 
charge transfer at the carbon materials. Electrochemical impedance spectroscopy is a 
more advanced but very powerful method which allows the investigation of the 
electron transport and the electronic resistance (electron transfer), the ionic 
conductivity, and enables the measurement of film porosity in the polymer (Fig.2.7). 
Note that the interpretation of impedance spectroscopy results is based on equivalent 
circuits which are compatible with a variety of different physical and theoretical 
models. 
 
 
 
 
 
 
Figure 2.7: An Equivalent Circuit Representing each Component at the Interface and 
in the Solution during an Electrochemical Reaction shown for Comparison with the 
Physical Components. Cdl: double layer capacitor; Rp: polarization resistor; W: 
Warburg resistor, Rs: solution resistor used form Modeling of Impedance Spectra. 
Theoretical models have been developed to explain the impedance characteristics of 
homogeneous films [218] and porous membranes [219]. For the uniform films a 
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model considering the diffusional transport of single type of charge carrier (electron 
or ion) across the film with a charge transfer process at metal-film interface was 
proposed. This model could explain the Randles circuit behaviour, the Warburg 
contribution and the capacitive responses at low frequencies. On the other hand, in 
the advanced homogeneous models, diffusion-migration transport of electrons and / 
or ions and nonequilibrium charge transfer across the interfaces at the boundaries of 
the films were considered and explained through introduction of one or more 
capacitive elements in parallel with charge transfer resistances in the equivalent 
circuits. 
The generalized transmission line circuit model predicts the relevant impedance 
features of such a system in terms of a Nyquist plot [220], based on a mathematical 
approach. The two semi-circles at the highest frequencies, induced by the processes 
at the metal/polymer and polymer/solution interfaces, are, in practice, not always 
detectable. Sometimes, only one or even one-half semi-circle is observed; for other 
cases, these two semi-circles are partially overlapped to each other, the actual 
situation observed depending on the characteristics of the interfacial processes in 
terms of energy (resistance) to overcome at the relevant interface. Moreover, these 
semi-circles are very often depressed, most probably due to non-homogeneous 
separation surfaces [221]. Furthermore, they can also overlap to the mid-frequency 
Warburg impedance quasi-450- slope segment that reflects the diffusion-migration of 
ions at the boundary surface between solution and polymer, inside the latter medium. 
Finally, the 900-trend at the lowest frequencies, due to capacitive impedance, 
accounts for the charge transport process inside the bulk of the film. 
It has already examined how a working electrode/solution interface responds to 
various perturbations including potential steps and potential sweeps. These 
perturbations are usually of large amplitude, and they generally drive the working 
electrode far from equilibrium. Another approach is to perturb the cell alternating 
(usually sinusoidal) signal of small amplitude (nominally a few milivolts peak to 
peak) and observe the manner in which the systems follow the perturbation at steady 
state. A major advantage with this ac impedance spectroscopic technique is that the 
response theoretically treated via linearized current-potential characteristic. These 
leads to important modeling simplifications matters related to diffusion and 
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charge/ion transport kinetics. The parameter (electrical) impedance Z is the ac analog 
of the resistance, R for dc circuits and express the relationship between a sinusoidal 
signal and corresponding response  
e=E.sinwt                                                                                                             (2.2) 
i=I(sinwt +  ф)                                                                                                     (2.3) 
z=e/I                                                                                                                     (2.4) 
The phase angle ф is negative for capacitive circuits and is 900 for a pure capacitor. 
The impedance then is obviously a vector quantity and as usual, we can employ both 
rectangular and polar coordinates to denote a vector. In the former format, the vector 
z is given by R-jXc, where j=(-1)1/2 and Xc is termed capacitive reactance (equal to 
1/ wC, w=2пf, where f is the ac frequency in hertz. Simply put Xc is a frequency 
sensitive variable resistor that switches from infinity at low frequency to zero at high 
frequency. The magnitude of Z │Z│) is (R2 + Xc2)1/2 and phase angle is given by  
tan ф= Xc/R=1/wRC                                                                                             (2.5) 
In polar coordinates, Z can be written in Eular form as  
Z=│Z│ei ф                                                                                                             (2.6) 
Separation of impedance components into ‘real’ and ‘imaginary’ components is a 
bookkeeping measure and simply embodies the fact that there is phase lag between 
the applied signal and measured response. Thus, we can model the systems response 
in terms of impedance plots and expect the response from a purely resistive circuit to 
be distributed along abscissa. On the other hand, a ‘pure’ capacitor will manifest a 
response along the ordinate. Intermediate values of ф are expected for other RC 
circuits [222]. 
At high frequencies, the semicircle is attributable to the process at the polymer-
electrolyte interface, which is expected to be the double-layer capacitance (Cdl) in 
parallel with the charge-transfer resistance (Rct) due to the charge exchange and 
compensation at the polymer-solution interface [223]. 
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2.13.1. Two different types of experiments for EIS 
In order to understand the impedance response of conducting polymer, it is necessary 
to consider in detail [224] the impedance responses from two types of experiments. 
2.13.2. Case 1: Metal/Polymer/Electrolyte 
In this case the conducting polymer (P) is on a metal substrate (M) and immersed in 
an electrolyte solution (S). At sufficiently low frequencies across the M/P interface 
the electrons will be at equilibrium while the anions will be at equilibrium across the 
P/S interface. In order to predict the impedance response we make the following 
assumptions.  
1) The polymer layer is a homogeneous bulk phase sandwiched between metal 
and electrolyte. 
2) Electro-neutrality holds within the polymer phase except for two space 
charge regions-one at the P/M interface and one at P/S interface. 
3) The penetration of these space charge regions into the polymer is small 
compared to the thickness of polymer phase. 
4) Only electrons can across the M/P interface. 
5) Only anions can across the P/S interface. This is not likely to the case at low 
oxidation levels in the polymer when there is incomplete exclusion of anions. 
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Figure 2.8: Theoretical Impedance Plane Display for Metal / Polymer / Electrolyte 
Case. 
It is necessary to assume that there is only one type positive charge in the polymer, or 
that ion pairs do not exist. The form of impedance spectrum is given Figure 2.8. This 
can be broken down into several clearly defined regions.  
The impedance is measured from the tip of the reference electrode to the metal 
surface; therefore the impedance of the electrolyte phase between the reference 
electrode and polymer must be included. Thus the high frequency response of the 
system will consist of, in addition to the electrolyte component (which is resistance R 
in parallel with a capacity Ce), a semicircle due to the resistance Rct of polymer 
phase in parallel with its geometric capacity. From this, provided the film thickness 
is known, dielectric constant of polymer phase, єr , and its conductivity, қ can be 
calculated. 
Cg=εr x εo A/d                                                                                                          (2.7) 
and  
Rb=d/A қ                                                                                                                 (2.8) 
A is the electrode area. The maximum of the bulk polymer semicircle occurs at a 
radial frequency w. 
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2.13.3. Case 2: Metal/Polymer/Metal 
In this case the polymer film (P) is sandwiched between two metal electrodes (M), 
with little or no electrolyte solution present, though there may of course be molecules 
of solvent trapped within the film. Electrons will be in equilibrium across the M/P 
interfaces as in the above case. The anions clearly can not leave the membrane. The 
impedance response of this system will be similar to that in case 1 in some frequency 
ranges. However, there will be some important differences (Fig. 2.9). 
 
Figure 2.9: Theoretically Impedance Plane Display for Metal/Polymer/Metal Case. 
1) At high frequencies there will be no component due to the solution; hence the 
first semicircle observed should be due to the bulk resistance of the polymer 
and geometric capacitance of the polymer film alone. 
2) There is only one charge transfer semicircle possible in this case; that for 
electrons crossing the M/P interfaces. If this is present then, as there are two 
identical interfaces, Rct will actually be one-half of that represented by the 
semicircle. 
3) After the Warburg region a low frequency capacitive limit will not be 
observed since, although the anions are blocked at both interfaces, the 
electronic charge is free to move throughout the system at all times (i.e. is not 
blocked) and current can flow. Hence the impedance response will fall to the 
real axis on the Nyquist plot limiting low frequencies.  
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2.13.4. Equivalent Circuit Elements 
2.13.4.1. Electrolyte Resistance  
Solution resistance is often a significant factor in the impedance of an 
electrochemical cell. A modern three electrode potentiostat compensates for the 
solution resistance between the counter and reference electrodes.  
The resistance of an ionic solution depends on the ionic concentrations, type of ions, 
temperature and the geometry of the area. In a bounded area with area A and length l 
carrying a uniform current the resistance is defined as:  
R = ρx l /A                                                                                                               (2.9) 
In this equation R is the solution resistivity. The conductivity of the solution, k, is 
more commonly used in solution resistance calculations. Its relationship with 
solution resistance is:  
R = 1/kxA as a result k=1/RxA                                                                             (2.10) 
For other solutions, k was calculated from specific ion conductance. The units for k 
are Siemens per meter (S/m). The siemens is the reciprocal of the ohm, so S=1/Ohm. 
The value of the double layer capacitance depends on many variables including 
electrode potential, temperature, ionic concentrations, types of ions, oxide layers, 
electrode roughness, impurity adsorption, etc.  
2.13.4.2. Double layer capacitance (Cdl) 
An electric double layer exists at the interface between an electrode and its 
surrounding electrolyte. This double layer is formed as ions from the solution “stick 
on” the electrode surface. Charges in the electrode are separated from the charges of 
these ions. The separation is very small, on the order of angstroms. 
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2.13.4.3. Polarization resistance 
Whenever the potential of an electrode is forced away from its value at open circuit, 
is referred to as polarizing the electrode. When an electrode is polarized, it can cause 
current to flow via electrochemical reactions that occur at the electrode surface. The 
amount of current is controlled by the kinetics of the reactions and the diffusion of 
reactants both towards and away from the electrode. 
In cells where an electrode undergoes uniform corrosion at open circuit, the open 
circuit potential is controlled by the equilibrium between two different 
electrochemical reactions. One of the reactions generates cathodic current and the 
other anodic current. The open circuit potential ends up at the potential where the 
cathodic and anodic currents are equal each others. It is referred to as a mixed 
potential. The value of the current for either of the reactions is known as the 
corrosion current, a new parameter, Rp, the polarization resistance.  
2.13.4.4. Diffusion 
Diffusion can create impedance known as the Warburg impedance. This impedance 
depends on the frequency of the potential perturbation. At high frequencies the 
Warburg impedance is small since diffusing reactants don’t have to move very far. 
At low frequencies the reactants have to diffuse further, thereby increasing the 
Warburg impedance. The equation for the “infinite” Warburg impedance is:  
Z=ơ(w)-1/2(1-j)                                                                                                     (2.11) 
On a Nyquist plot the infinite Warburg impedance appears as a diagonal line with a 
slope of 0.5. On a Bode plot, the Warburg impedance exhibits a phase shift of 45o. 
2.13.4.5. Constant phase elements 
Capacitors in EIS experiments often do not behave ideally. Instead, they act like a 
constant phase element (CPE) as defined below. The impedance of a capacitor has 
the form:  
Z=A(j.w)-a                                                                                                              (2.12) 
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When this equation describes a capacitor, the constant A=1/C (the inverse of the 
capacitance) and the exponent a=1. For a constant phase element, the exponent a is 
less than one. The “double layer capacitor” on real cells often behaves like a CPE 
instead of resembling a capacitor. Several theories have been proposed to account for 
the non-ideal behavior of the double layer but none has been universally accepted.  
2.14. Sensors 
Sensor is defined as a measuring device that exhibits a characteristic of an electrical 
nature (charge, voltage, or current) when it is subjected to a phenomenon that is not 
electric. The electrical signal it produces must carry all the necessary information 
about the process under investigation. Sensors are used for detecting and measuring 
the concentration of various chemical species in liquid or gas phase. An “ideal” 
chemical sensor should exhibit high sensitivity, selectivity, high operation speed, 
reversibility and stability under operating conditions. Moreover, it should not be 
sensitive to temperature changes or to radiations of various kinds. For over ten years 
extensive investigations of various metals, oxides, inorganic semiconductors, solid 
electrolytes, carbon and silicon like materials have been carried out and changes in 
the electrochemical potential, electrical, optical, electrical, magnetic, thermic, 
tensometric and other properties taking place in these materials. As a result of their 
interactions with particular gases have been studied. Electronically conducting 
polymers with conjugated Π bonds, e.g. polyacetylene, polyparaphenylene, 
polypyrrole, polythiophene, polyaniline are likely to show properties meeting the 
requirements mentioned above, because their conductivity depends on the electronic 
structure which can undergo changes under the influence of a chemical species 
absorbed on the surface of the polymer layer. These changes may result e.g. from 
redox or acid-base interactions between polymer and the chemical species. For 
instance, polyacetylene may be used for determining the concentration of nitrate ions 
in acid solutions because, as the result of the process involving the intercalation 
oxidation, the conductivity of this polymer changes which is probably due to 
disturbances occurring in the band structure of Π electrons. The usability of 
polypyrrole and its derivatives as sensors for ammonia, vapors of amines, nitrogen 
dioxide, hydrogen sulfide, nitro-methane, toluene, benzene, methanol, and water 
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vapor was investigated. Recently, the use of conducting polymers, e.g. polyaniline 
and polypyrrole for preparing enzymatic electrochemical micro-sensors sensitive to 
glucose content was reported. Summing up, electronically conducting polymers 
appear to be interesting materials for sensor technology, because the adsorptions of 
gases or liquids on the surface of the polymer layer can lead to reversible changes in 
their physical properties. At present, the studies of ionically conducting polymers in 
sensor technology are at the initial stage. Sensors with conducting polymers exist for 
different substances, for example for gases like SO2, NO2 [225], glucose [226] and 
urea [227]. 
2.15. Biosensors 
Biosensors represent a new trend emerging in the diagnostic technology. The 
estimation of metabolites such as glucose, urea, cholesterol and lactate in whole 
blood is of central importance in clinical diagnostics. A biosensor is a device having 
a biological sensing element either intimately connected to or integrated within a 
transducer. The aim is to produce a digital electronic signal, which is proportional to 
the concentration of a specific chemical or set of chemicals. Biosensor instruments 
are specific, rapid, simple to operate, can be easily fabricated with minimal sample 
pretreatment involved. The apparently alien marriage of two contrasting disciplines 
combines the specificity and sensitivity of biological systems with the computing 
power of microprocessor. Conducting polymer based biosensors are the direct 
binding of the biocatalyst to an electronic device that transduces and amplifies the 
signal [228]. In a biosensor, the phenomenon is recognized by a biological system 
called a bioreceptor, which is in direct contact with the sample and forms the 
sensitive component of the biosensor. The bioreceptor has a particularly selective site 
that identifies the analyte. 
Biosensors have undergone rapid development over the last few years. This is due to 
the combination of new bioreceptor with the ever-growing number of transducers. 
The characteristics of these biosensors have been improved, and their increased 
reliability has yielded new applications. The predominant application of biosensors is 
in the biomedical field which has a constant need for monitoring biological 
parameters in health care techniques. The biosensor is particularly suitable for such 
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measurements because a sample can be analyzed in a complex biological 
environment without the need for chemical reagents. Biosensors can be used in vivo 
and, because they give a continuous signal, can monitor metabolite concentrations in 
real time. Hence their important application in the control of blood sugar in diabetics. 
The applications of biosensors in the food produce industry have been developed in 
parallel. One major breakthrough is the possibility of sterilization, allowing the use 
of biosensors in fermentation processes. The environment also requires continuous 
surveillance if it is to have proper protection but present physicochemical technique 
is limited in this respect, especially with regard to toxicity. Biosensors can meet these 
needs; the target enzymes of the toxic agents are simply associated with the 
appropriate transducer. 
Current research concentrates on improving biosensor sensitivity (through the use of 
mediators and enzymatic amplification) and selectivity (through the use of 
immunoagents). Their use comes up against many unresolved technical problems and 
a number of factors remain to be investigated, for example, miniaturization for in-
vivo applications, biocompatibility, stability, and response time. The next steps will 
be decisive and the competition is very stiff.  
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3. EXPERIMENTAL WORK 
3.1 Materials and Chemicals 
Carbazole (Cz, >99%), 1-(p-Tolylsulfonyl) pyrrole (98%), sodium perchlorate (Na-
ClO4, >98%), and dopamine hydrochloride were obtained from Sigma (Deisenhofen, 
Germany; www.sigmaaldrich.com). N-vinylcarbazole (NVCz, 98%) was obtained 
from Aldrich.  
Spectroscopic-grade acetonitrile (ACN) was obtained from Carlo Erba and used as 
solvent for polymerization. Acetone (%99.7, Purex PA) was obtained from Merck. 
Dichloromethane (CH2Cl2, 99%) were obtained from Aldrich. 
Tetraethyl ammonium tetrafluoroborate (TEABF4 >99%), Sodium perchlorate 
(NaClO4, >98%), tetrabutylazotetrafloroborate (Bu4NBF4) and tetraethyl ammonium 
perchlorate (TEAP >99%), propylene carbonate (PC, >99%) and Potassium 
perchlorate (KClO4, >99.5%) were obtained from Fluka and used as supporting 
electrolytes. Lithium perchlorate (LiClO4, >98%) was obtained from Janssen 
Chimica.  
Dopamine (>99%) were obtained from Lancaster and used as neurotransmitters. L-
(+)-Ascorbic acid, phenol, potassium dihydrophosphate, potassium hydrophosphate, 
and potassium chloride, were obtained from J. T. Baker (Deventer, Netherlands; 
www.jtbaker.nl). Other reagents were all analytical reagents grade; all aqueous 
solutions were prepared in twice distilled water. All these chemicals were used 
without further purification. 
High Strength (HS) carbon fibers C320000A (CA) (Sigri Carbon, Meitingen, 
Germany) containing 320.000 single filaments in a roving were used as working 
electrodes. Additionally, commercially available polyacrylonitrile-based HM 12 
fibers (Sigri GmbH, Meitingen, Germany) with circular cross sections were used to 
manufacture the carbon fiber microelectrodes. Borosilicate glass capillaries were 
obtained from Hilsenberg GmbH, article number: 1400372. Length: 100 mm, 
external diameter: 1.5 mm, internal diameter: 0.375 mm. Conductive carbon cement 
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was obtained from LEIT-C, Neubauer Chemikalien, Germany. Sylgard® 184 silicone 
elastomer and Sylgard® 184 curing agent were obtained from Dow Corning 
Corporation, Midland, USA. Indium tin oxide (ITO) coated glass slides (0.7 cm x 5 
cm, R ≤ 10 ohm cm-2) were used for some of the in-situ spectroelectrochemical 
studies.  
3.2. Equipment and Techniques 
Soluble and insoluble products will be investigated by different methods i.e., the 
soluble portion with UV-visible spectrophotometric, conductometric and 
voltammetric measurements and the insoluble portion with four point probe, FTIR 
and atomic absorption spectrophotometric measurements and morphological analysis 
method. 
Soluble products will be monitored between 200 and 1100 nm by using a UV-Visible 
Spectrophotometer (Shimadzu UV-160A). Perkin Elmer FTIR-ATR 
Spectrophotometer will be used for spectral analysis. (Perkin Elmer, Spectrum One; 
with a Universal ATR attachment with a diamond and ZnSe crystal C70951). A 
WTW 537 type pH-meter will be used for adjusting pH of solution.  A Wenking POS 
73 potentiostat will be used for further explanation of cyclic voltammetric 
measurements, which will be carried out in a cell equipped with carbon fiber as 
working electrode, a platinum spiral as counter electrode and a saturated calomel 
electrode as reference. As power supply a galvanostat (Wenking model LB 81 M, 
Germany) was used with an adjustable current between 0 and 20 A and a voltage 
ranging from 0 to 75 V. Constant current electrolysis was applied by keeping the 
current density (i=I/A [mA cm-2]) constant. PARSTAT 2263 Electrochemical system 
is a potentiostat / galvanostat / frequency response analyzer (FRA) that, together with 
our Electrochemistry Powersuit software, comprises a simple, flexible, and 
extremely powerful system for performing a wide range of electrochemical 
techniques. The PARSTAT 2263 is a self-contained unit that combines potentiostatic 
circuitry with phase-sensitive detection. 
A Jeol JSM T 840 Scanning Electron Microscope (SEM) will be used for 
morphological studies. The chosen electrocoated carbon fibers were analyzed by 
scanning electron microscopy (SEM) using a Philips XL30 FEG Scanning electron 
  46 
 
microscope; Resolution is 2 nm, at 30 kV and 5 nm at 1 kV. It employs a Schottky 
based gun design, a point-source cathode of tungsten which has a surface layer of 
zirconia (ZrO). The AFM images reported in this study were obtained using an 
Explorer TM, Probe Microscope (TopoMetrix-ThermoMicroscope-VEECO). In this 
analysis, the contact mode was employed. 
Differential Scanning Calorimetry (DSC) Q10 V 8.1. Build 261 and Thermal 
gravimetric analysis (TGA) Q50 V 6.3. Build 189 were used for thermogram 
measurements.  
Chronoamperometry, differential pulse (DPV) and cyclic voltammetry (CV) 
measurements were also performed using an Autolab PGSTAT12 potentiostat (Eco 
Chemie, Utrecht, The Netherlands) controlled by the GPES 4.7 software (Metrohm, 
Filderstadt, Germany) in a three-electrode configuration with an Ag/AgCl (3 M KCl) 
reference electrode, a platinum-wire counter electrode and a platinum-disk (1 mm) 
sealed in glass as a working electrode.  
DPV measurements were carried out in a 0.1 M phosphate buffer solution (pH 7.4) 
without stirring conditions. The potential was scanned from -0.5 to +1.0 V, with 
modulation amplitude of 50 mV, modulation time of 0.05 s, interval time of 0.2 s, 
and step potential of 5 mV. 
For the fabrication of the carbon fiber microelectrodes a micropipette puller 
Narishige Model PP380 was used (Narishige International Ltd., Japan). 
3.2.1. Cyclic Voltammetry (CV) 
Cyclic voltammetry of the polymers were performed with a PARSTAT 2263 
Potentiostat, which is a self-contained unit that combines potentiostatic circuitry with 
phase-sensitive detection (Faraday cage that BAS Cell Stand C3), in a three-
electrode system setup employing CFME as working electrode, Platinum wire as 
counter electrode, and a silver wire pseudo-reference in a solution of 0.1 M LiClO4 
in PC or NaClO4 in ACN. The pseudo-reference was calibrated externally using a 5 
mM solution of ferrocene (Fc / Fc+) in the electrolyte (E1/2 (Fc / Fc+) = +0.13 V vs. 
silver wire in of 0.1 M NaClO4 / ACN). Note 1.0 V vs. Fc / Fc+ = 1.07 V vs. Ag / 
Ag+ = 0.58 V vs. SCE. In this technique, the experiment is the same as in 
conventional cyclic voltammetry except that the working electrode is a 
  47 
 
microelectrode with a diameter between 0.5-50 μm. Such low area electrodes have 
two key advantages for cyclic voltammetry [229]: 
(a) the actual current passing through the cell is very low, may be a few nA, and 
hence the problems of iR drop are greatly diminished; 
(b) the double layer charging current decreases much more than the faradaic 
current, leading to significant improvement in the ratio of faradaic / non-
faradaic current. 
In concequence, although at conventional electrodes the limit for recording high 
quality cyclic voltammograms is about 100 Vs-1 and above this sweep rate the curves 
become distorted by iR drop and the charging current, at microelectrodes it is 
possible to obtain good records above 104 V s-1.This permits the study of systems 
with much faster chemical reactions [230, 231]. Moreover, at these high sweep rates, 
linear diffusion to the microelectrode still predominates (over the spherical 
component), and the theory needs no modification to that discussed above (a). This 
also leads to the possibility of using cyclic voltammetry to study homogeneous 
chemical reactions in poorly conducting media [232-234], e.g. in benzene or 
acetonitrile without base electrolyte. 
A simple potential wave form that is often used in electrochemical experiments is the 
linear wave form i.e., the potential is continuously changed as a linear function of 
time.  The rate of change of potential with time is referred to as the scan rate (v). The 
simplest technique that uses this wave form is linear sweep voltammetry.  The 
potential range is scanned in one direction, starting at the initial potential and 
finishing at the last potential.  A more commonly used variation of the technique is 
cyclic voltammetry, in which the direction of the potential is reversed at the end of 
the first scan. Thus, the waveform is usually in the form of an isosceles triangle.  
This has the advantage that the product of the electron transfer reaction that occurred 
in the forward scan can be probed again in the reverse scan. In addition, it is a 
powerful tool for the determination of formal redox potentials, detection of chemical 
reactions that precede or follow the electrochemical reaction and evaluation of 
electron transfer kinetics. If a redox system remains in equilibrium throughout the 
potential scan, the electrochemical reaction is said to be reversible. In other words, 
equilibrium requires that the surface concentrations of O and R are maintained at the 
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values required by the Nernst Equation. Under these conditions, the following 
parameters characterize the cyclic voltammogram of the redox process.  
• the peak potential separation (Epa - Epc) is equal to 59/n mV for all scan 
rates where n is the number of electron equivalents transferred during the 
redox process.  
• the peak current ratio (ipa / ipc) is equal to 1 for all scan rates.  
• the peak current function increases linearly as a function of the square root of 
v.  
Electrochemical methods are extremely useful for the characterization of conducting 
polymers as well as being an attractive technique for their electro-synthesis. Cyclic 
voltammetry (CV) is a simple and valuable technique for the study of electroactive 
polymers [235, 236]. Both qualitative and quantitative data may be obtained and the 
technique finds particular use in preliminary studies of new systems. Cyclic 
voltammetry shows the potentials at which oxidation and reduction processes occur, 
the potential range over which the solvent is stable and the degree of reversibility of 
the electrode reaction [237]. Cyclic voltammetry of electroactive polymers can be 
complex, showing a dependence on the nature of the dopant anion [238]. 
Electroactive films can be repeatedly cycled between neutral and p-doped forms in a 
non-aqueous electrolyte, with no change in the shape of the voltammogram [239]. 
The chemical processes involved in redox cycling are complicated. Polymer 
oxidation current densities, µA cm–2, scan linearly with scan rate in the range 10–100 
mV s-1, suggesting reactions occur at the electrode surface. CV may also be used to 
show the ability of the film to store change and to respond to the applied potential. 
The areas underneath the oxidation and reduction peaks show that approximately 
equal amounts of charge accompany each process demonstrating the electrochemical 
reversibility and efficiency of the redox process. However, high capacitive currents 
make determination of the degree of oxidation (doping) almost impossible [240]. 
Cyclic voltammetry is very often used to characterize conducting polymer films. 
This is the method of choice for studying the reversibility of electron transfer 
because the oxidation and reduction can be monitored in the form of a current 
potential diagram [241]. Intermediate species of very short lifetimes can be observed 
with microelectrodes using high scanning speeds [242]. These intermediate species 
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(radical cations) are extremely important for the understanding of the polymerization 
mechanism. Another electrochemical technique, coulometry measures the charge 
involved in the oxidation process. The knowledge of the initial charge used to 
polymerize the monomer, and the charge involved in the doping process allows the 
estimation of the doping level in the conduction polymer [243]. 
3.2.2. Fourier Transform Infrared Spectroscopy (FTIR-ATR) 
An infrared spectrophotometer is composed of an IR light source, a sample 
container, a prism to separate light by wavelength, a detector, and a recorder (which 
produces the infrared spectrum). A schematic for a typical infrared 
spectrophotometer is shown in Figure 3.1.  
 
 
 
Figure 3.1: Diagram of an Infrared Spectrophotometer. 
The region of the infrared spectrum which is of greatest interest to organic chemists 
is the wavelength range 2.5 to 15 micrometers (µ). In practice, unit’s proportional 
to frequency, (wave number in units of cm-1) rather than wavelength are commonly 
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used and the region 2.5 to 15 µ corresponds to approximately 4000 to 600 cm-1. 
Absorption of radiation in this region by a typical organic molecule results in the 
excitation of vibrational, rotational and bending modes, while the molecule itself 
remains in its electronic ground state. 
3.2.3. Scanning Electron Microscopy (SEM) 
The chosen electrocoated carbon fibers were analyzed by scanning electron 
microscopy (SEM) using a Philips XL30 FEG Scanning Electron Microscope; 
Resolution is 2 nm, at 30 kV and 5 nm at 1 kV. It employs a Schottky based gun 
design, a point-source cathode of tungsten which has a surface layer of zirconia 
(ZrO). The chosen electro-grafted fibers, were analyzed by SEM with a Leo 1530-
Gemini (Oberkochen, Germany). 
3.2.4. Ultraviolet Visible (UV-vis) Spectroscopy 
UV-Visible spectra were obtained both for electrochemically coated ITO glass and 
oligomers formed in solution by using Shimadzu 160 A recording 
spectrophotometer. Basics of UV Light Absorption, Ultraviolet / visible spectroscopy 
involves the absorption of ultraviolet / visible light by a molecule causing the 
promotion of an electron from a ground electronic state to an excited electronic state 
(Figure.3.2).  
 
 
 
 
 
 
Figure 3.2: Types of Electronic Transitions in UV-vis Spectroscopy. 
Transitions from the highest occupied molecular orbital (HOMO) to the lowest 
occupied molecular orbital (LUMO) require the least amount of energy and are 
therefore usually the most important. Not all transitions that are possible will be 
observed. Some electronic transitions are "forbidden" by certain selection rules. 
However, even forbidden transitions can be observed, but these are usually not very 
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intense. Peak Broadening UV absorptions are generally broad because vibrational 
and rotational levels are "superimposed" on top of the electronic levels (Figure.3.3). 
 
 
 
 
 
 
 
 
Figure 3.3: Peak Broadening in UV-vis Spectroscopy. 
3.2.5. Four Probe Conductivity Measurements 
In four probe technique, four equally spaced osmium tips were placed onto a head. 
Each tip is supported by springs on the other end to minimize sample damage during 
probing. The four metal tips are part of an auto-mechanical stage which travels up 
and down during measurements. A high impedance current source is used to supply 
current through the outer two probes; a voltmeter measures the voltage across the 
inner two probes (Figure 3.4) to determine the sample resistivity.  
 
 
 
 
 
 
 
 
Figure 3.4: Scheme of 4-Point Probe Configuration. 
Typical probe spacing s ~ 1mm. Keithley 617 electrometer connected to a four probe 
head with gold tips. Electrical conductivity has been calculated from the following 
equation: σ=V-1x І x (ln2/ π x dn) where dn is thickness in cm, V is applied potential 
in volt and I is current in ampere. 
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3.3. Electrochemical Techniques 
The electrochemical techniques generally employed in the electrochemical synthesis 
of conducting polymers are potentiostatic (constant potential) or galvanostatic 
(constant current) electrolysis (Figure 3.5). 
 
 
 
 
 
 
 
 
  
Figure 3.5: Scheme of Experiment in Electrochemical Polymerization Techniques. 
3.3.1. Constant Current Electrolysis (Galvanostatic) 
Constant current electrolysis is carried out in a cell containing two electrodes. 
Current is kept constant throughout the electrolysis and the potential is allowed to 
vary. Although simple in application, it has some disadvantages. Since the potential 
is a variable parameter, the nature of the generated species may be unknown. The 
involvement of species present in the system in addition to the monomer is generally 
inevitable; thus complications may arise in the initiation and propagation steps. 
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3.3.2. Constant Potential Electrolysis (Potentiostatic) 
Constant potential electrolysis is achieved with a three-electrode system. The 
potential of the working electrode with respect to a reference electrode is adjusted to 
a desired value and kept constant by a potentiostat while current is allowed to vary. 
The voltage between the working and the reference electrode may be called the 
polymerization potential. By keeping the potential constant, creation of undesired 
species is prevented; hence the initiation becomes selective, that is, through the 
monomer itself. Chronoamperometry, i.e. measuring the current as a function of 
time, is the method of choice to study the kinetic of polymerization and especially 
the first steps [244]. 
3.3.3. Differential Pulse Voltammetry (DPV) 
This technique is comparable to normal pulse voltammetry in that the applied 
potentials is an overlapping of a fixed amplitude pulse and a linear potential ramp. 
However, it differs from normal pulse voltammetry because each potential pulse is 
fixed, of small amplitude (10 to 100 mV), and is superimposed on a slowly changing 
base potential. Current is measured at two points for each pulse, the first point (1) 
just before the application of the pulse and the second (2) at the end of the pulse. 
These sampling points are selected to allow for the decay of the nonfaradaic 
(charging) current. The difference between current measurements at these points for 
each pulse is determined and plotted against the base potential. 
3.3.4. Electrochemical Impedance Spectroscopy (EIS) 
Electrochemical impedance measurements were taken at room temperature (25oC) 
using a conventional three electrode cell configuration. The electrochemical cell was 
connected to a Potentiostat (PARSTAT 2263) with interface to a computer described 
above. An electrochemical impedance software Power Sine was used to carry out 
impedance measurements between 10 mHz. and 10 kHz. The AC amplitude voltage 
used for the experiments was 10 mHz. The impedance spectra were analyzed with a 
ZSimpWin V3.10. Electrochemical impedance spectroscopy (EIS) allows studying 
the charge transfer, ion diffusion, and capacitance of conducting polymer-modified 
electrodes. The typical Nyquist plot of polymers coated CFME in different solvents 
the results indicated that the semicircle behaviour at low frequency. That semicircle 
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can be can be attributable to the process occurs at the polymer-electrolyte interface at 
high frequencies, which is expected to be the double-layer capacitance (Cdl) in 
parallel with the charge transfer resistance (Rct) because of the charge exchange and 
compensation at the polymer-solution interface [245]. 
Bode magnitude plot gives extrapolating the linear section to the log z axis at w=1 
(logw=0) yields the value of Cdl from the relationship:  
IZI = 1 / Cdl                                                                                                                       (3.1) 
The Cdl is attributed to change accumulation at the maximum of the imaginary 
component (Z’’) of the semicircle, the time constant Г of every electrode can be 
calculated using the relationship: 
Г = 1 / 2xπxf0                                                                                                          (3.2) 
The values of Г obtained from Nyquist plots. The lower Г value is preferred for 
electrochemical capacitor for charge / discharge processes [13]. 
3.3.5. Spectroelectrochemical Study 
For electrochemical studies, polymer films were synthesized on indium tin oxide 
(ITO) electrocoated glass slides from a 0.1 mM solution of PCz and P(C-co-pTsp) in 
0.1 M NaClO4/ACN by using CV method. The film was washed before studying the 
spectroelectrochemical properties with ACN solution and a series of UV-vis spectra 
were obtained at various potentials. Spectroelectrochemical measurements were 
carried out using Shimadzu UV-160A. A three electrode cell was used so that the 
working electrode was an ITO coated glass slides (8 mm x 50 mm x 1.1.mm, 30 mm 
of the ITO electrode was immersed into the solution to keep the electrode area 
constant at 2.4 cm2, Rs<10 Ω provided from Colorado Concept Coatings LLC) the 
counter was a platinum wire and silver wire was used as the pseudo reference 
electrode. The potentials were applied using Princeton Applied Research Potentiostat 
model 2263 as previously described. 
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3.4. Preparation of the Carbon Fiber Microelectrodes (CFMEs) 
The three-electrode system was used for potentiodynamic measurements. The 
working electrode consists of carbon fiber microelectrodes (typically 35-40 fibers 
bundled). The working electrode was prepared using a 3 cm CFME (diameter ~ 7 
µm) inserted into a glass capillary and attached through a copper wire with Teflon 
tape to the potentiostat). As reference was applied Ag / AgCl (KCl concentration : 
0.1M) and Pt-wire (3 cm in length) was used as the counter electrode. Only 1.0 cm of 
the carbon fibre was dipped into the solution to keep the electrode area constant 
(~0.088 cm2). In addition, CV results could be compared by using Pt button electrode 
(A=0.159 cm2) as the working electrode. 
3.5. Fabrication of disk-shaped carbon fiber microelectrodes 
Carbon fiber electrodes were prepared as described before [246] (Fig.3.6). Single 
filaments were attached to the stripped end of insulated copper wire using a 
conductive carbon paste. After the carbon paste was dry the free end of the copper 
wire was cannulated into a borosilicate glass tube until the carbon / copper junction 
was positioned approximately in the middle of the capillary and the free end of the 
copper wire extended out of it. The copper wire was fixed in this position to the 
capillary using a droplet of the Sylgard silicone preparation. The silicone preparation 
was allowed to cure until firm. The capillaries containing the carbon fibers were 
placed in the micropipette puller. Pulling resulted in two glass pipets, one of which 
was waste, and the other of which had the carbon fiber protruding from its tip. The 
protruding fiber was trimmed to a length of ≈1 mm and then insulated using anodic 
electrophoretic deposition of paint according to the procedure developed by Schulte 
and Chow [247]. Coated fibers were cured at 190 °C for 5 min. Later the insulated 
carbon fiber was transacted with a scalpel blade under a dissecting microscope to 
expose a disk-shaped electroactive surface area (Figure 3.7). 
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Figure 3.6: Picture of Needle Type Disk Shaped Carbon Fiber Microelectrodes. 
 
Figure 3.7: Preparation of Needle Type Disk Shaped Carbon Fiber Microelectrodes. 
 
 
 
 
 
 
 
 
Electro-active area of the 
carbon fiber 
(φ  ca. 7-10 µm) Insulating 
polymer film 
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4. RESULTS and DISCUSSION 
4.1. Electropolymerization of Carbazole 
4.1.1. Electropolymerization of Carbazole on CFMEs by CV 
The cyclic voltammogram of PCz thin films electrochemically deposited on a CFME 
recorded in 0.1 M TEABF4, LiClO4, TEAP, NaClO4 and KClO4 as supporting 
electrolytes in ACN, PC and CH2Cl2 are shown in Figure 4.1, 2, 3, 4, 5 and 6. The 
onset potentials of carbazole with TEABF4 / ACN and LiClO4 / PC were obtained at 
1.10 V and 1.00 V as shown in Fig. 4.1 and 4.2, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1: Multisweep Voltammogram of PCz in 0.1 M TEABF4 / ACN on CFME. 
Scan Rate was at 100 mV s-1. 8 cycles between 0.0 and 1.4 V. [Cz]0=10-3 M. 
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1.  
 
Figure 4.2: Multisweep Voltammogram of PCz in 0.1 M LiClO4 / PC on CFME. 
Scan Rate was at 100 mV s-1. 8 cycles between 0.0 and 1.4 V. [Cz]0=10-3 M. 
The redox process of PCz appeared at 0.95 and 0.81 V in 0.1 M TEABF4 / ACN and 
LiClO4 / PC, respectively [248]. For both PCz and Cz monomers the oxidation 
potentials decreased in 0.1 M LiClO4 / PC. The decrease may be due to higher 
dielectric constant of PC than ACN, resulting in an electroactive polymer film. After 
the first cycle, the peak intensity at +0.95 V increased and potentials shifted toward 
higher values. Upon repeated scans, new redox processes appeared at lower 
potentials, indicating the formation of an electro-active polymer film. The (ia / ic) 
ratio is 0.75 on CFME which is higher than Pt electrode (0.47) in TEAP / CH2Cl2. 
Therefore, PCz coated on CFME is more reversible than Pt electrode. The anodic and 
cathodic peak potentials of PCz were also observed in TEAP / CH2Cl2, NaClO4 / 
ACN, KClO4 / PC and LiClO4 / ACN (Fig.4.3-Fig.4.6).  
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Figure 4.3: Multisweep Voltammogram of PCz in 0.1 M TEAP / CH2Cl2 on CFME. 
Scan Rate was at 100 mV s-1. 8 cycles between 0.0 and 1.4 V. [Cz]0=10-3 M. 
 
 
 
 
 
 
 
 
 
Figure 4.4: Multisweep Voltammogram of PCz in 0.1 M NaClO4 / ACN on CFME. 
Scan Rate was at 100 mV s-1. 8 cycles between 0.0 and 1.4 V. [Cz]0=10-3 M. 
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Figure 4.5: Multisweep Voltammogram of PCz in 0.1 M KClO4 / PC on CFME. 
Scan Rate was at 100 mV s-1. 8 cycles between 0.0 and 1.4 V. [Cz]0=10-3 M. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6: Multisweep Voltammogram of PCz in 0.1 M LiClO4 /ACN on CFME. 
Scan Rate was at 100 mV s-1. 8 cycles between 0.0 and 1.4 V. [Cz]0=10-3 M. 
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The cyclic voltammogram of carbazole in TEAP / CH2Cl2 exhibited weak oxidation 
(Epa: 1.04 V vs Ag), but the corresponding cathodic wave (Epc: 0.64 V vs Ag) had a 
higher intensity. A gradual increase in the intensity of the cathodic wave with 
repeated scans indicates that the reaction product is gradually deposited on the 
surface of the CFME (Fig.4.3). The anodic peak of PCz was broad in the case of 
KClO4 / PC as shown in Figure 4.5. In LiClO4 / ACN solution, the anodic peaks of 
PCz shift to higher potentials from 1.0 V to 1.16 V. The reduction peaks decrease 
from 0.69 V to 0.53 V (Fig.4.6). 
Cyclic voltammograms of PCz were also studied in different solutions (NaClO4 and 
LiClO4 in ACN or PC) for comparison. The maximum current density was obtained 
for LiClO4 / ACN at 6.5 µA cm-2 (8th cycle was taken) but minimum current densities 
were obtained in NaClO4 / PC and LiClO4 / PC, which were 0.5 and 0.4 µA cm-2 (8th 
cycle was taken), respectively (Fig. 4.7). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7: Current Density vs. Scan Number Graph of PCz in Different Supporting 
Electrolytes (NaClO4 and LiClO4) in Different Solvents (ACN and PC) on CFMEs at 
100 mV s-1, [Cz]0=10-3 M. 
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The maximum charges of PCz on anodic peak current densities were obtained in 
LiClO4 / ACN during the electrogrowth of polymer film in two different electrolytes, 
NaClO4 and LiClO4 (100 mV s-1). Electrochemical behavior of the film was also 
studied in LiClO4 as a supporting electrolyte in ACN, PC, 50% ACN-H2O and 50% 
PC-H2O medium. The aim was to determine the influence of water in ACN and PC 
solvents. Results are summarized in Table 4.1.  
Table 4.1: Redox Parameters of PCz were Electrocoated in LiClO4 in Different 
Solvents on CFME. Using Multiple 8 cycles and taken 4th cycle. (Scan Rate: 100 mV 
s-1, [Cz]0=10-2 M). 
PCz (LiClO4 in) *Epa1 / V *ΔEp1 / V *Epa2 / V 
ACN 1.02 0.63 1.16 
50 % ACN-H2O 0.83 0.09 1.39 
PC 0.81 0.08 1.24 
50 % PC-H2O 1.08 0.13 1.39 
*Potentials were measured in V and with a deviation of ± 0.003 V. 
1 Anodic peak potential of polymer, V. 
2 Anodic peak potential of monomer, V. 
The anodic peak potential of PCz is 0.80 V in 50% ACN-H2O. This value is smaller 
than the anodic peak potential of PCz which is 1.1 V in 50% PC-H2O mixture. What 
is more, there has been much speculation about the “water effect”. It has been 
suggested that water might reduce the solubility of oligomers [249] and thus lead to 
faster deposition on the electrode. Some authors proposed that water, owing to its 
higher dielectric constant (80 compared to 37 of acetonitrile), reduces the Coulombic 
repulsion between the radical cations [250–252] facilitating radical-radical coupling. 
Obviously, this opinion can not offer a convincing explanation for other monomer-
solvent systems, e.g., pyrrole in propylene carbonate (PC) [253], in which water has 
a detrimental effect. Zotti et. al.[254] proposed that the reaction-released protons 
should protonate pyrrole and its oligomers, and that such protonated species in front 
of the electrode should prevent further electrooxidation. Water then scavenges 
protons because of its stronger basicity when compared to carbazole.  
In this study, the switching potentials were kept constant (1.4 V) to compare the 
current densities (µA cm-2) in ACN, PC, and by adding 50 % water. Current densities 
in ACN and 50 % ACN-H2O were obtained as 0.22 and 0.52 µA cm-2, respectively. 
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However, current densities of PC and 50 % PC-H2O were obtained as 0.08 and 0.29 
µA cm–2, respectively. Thus, ACN exhibits a higher current density than PC. 
Additional 50 % water in ACN and PC increases the current densities. 
Electrochemical coating of PCz on CFMEs were analyzed in the presence of the 
different alkali cations (Li+, Na+, K+) and other organic cations (Tetraethyl 
ammonium) in PC (Figure 4.8).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8: PCz was Electro-Coated in Different Supporting Electrolytes in PC 
using Multiple 8 cycles and Taken 4th cycle. (Scan Rate: 100 mV s-1, [Cz]0=10-2 M. 
In each case, additional amounts of cation produced a positive shift of the anodic 
peak potential and a decrease in electroactivity. The highest current density vs. scan 
number was found in NaClO4 / PC (0.5 µA cm-2), and the lower current density was 
found in LiClO4 / PC (0.2 µA cm-2) (Figure 4.8). For all cations, the anodic peak 
current densities decrease linearly from 0.5 to 0.2 µA cm-2 in NaClO4 / PC. The 
involvement and the size of the cation might have an influence on the polymer 
conductivity. It is shown that the larger the cation, the lower the conductivity of the 
polymer. 
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Figure 4.9: Mechanism of Electrocoating of PCz on Carbon fiber microelectrodes 
(Radical Cation and Dication Formation). 
4.1.2. Effect of Scan rate 
4.1.2.1. Effect of Scan rate on Electrogrowth of Carbazole. 
Changing the scan rate at which the polymers were grown appears to have an effect 
on the electrogrowth mechanism, as described in Figure 4.9. According to this 
mechanism, carbazole is first oxidized at the anode giving 3, 3’–dicarbazyl cation, 
and electrogrowth of the oligomers (dimer, trimer and tetramer) formed during 
electropolymerization. The cyclic voltammogram of PCz formed indicates that 
during the first few cycle’s oligomeric species or small polymer chains could 
dissolve during oxidation and reduction cycles. This process leaves longer polymer 
chains which remain adhered to the CFME surface. Hence, the charge stabilizes after 
a few cycles. 
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4.1.2.2. Effect of Scan rate in Monomer-free solution 
The coated film was washed with monomer-free electrolyte solution and its redox 
behavior was studied. Two oxidation peaks were observed at 0.75 and 1.15 V by 
increasing the applied potential (Figure 4.10). These anodic processes are associated 
with two cathodic waves occurring at 0.70 and 0.95 V, respectively, by reverse 
scans. Such behavior may correspond to the formation of the radical cations of 
carbazolic units during the first oxidation step followed by their oxidation into 
dications through the second step as described for poly(N-alkylcarbazole) [255].  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10: CV of PCz in Monomer-Free Formed by 10 cycles in Different Scan 
Rates (From 100 mV s-1 to 1000 mV s-1 by Increasing of 100 mV s-1 on CFME in 0.1 
M TEAP / CH2Cl2. [Cz]0=10-3M. 
Taking into account the ia / ic ratio, which is close to unity and independent of the 
peak potential between 100 and 1000 mV s−1, the first electronic transfer is fast and 
the redox process follows a reversible mechanism. On the other hand, the second 
redox process is not reversible according to the ipa / ipc ratio. Dications would be 
more reactive than cation radicals in this medium. The scan rate dependence of the 
electroactive film peak current was investigated only on the first reversible system. 
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The peak current (ip) for a reversible voltammogram at 25 0C is given by the 
following equation: ip=(2.69x105)xAxD1/2xC0xν1/2 where ν is the scan rate, A is 
electrode area, D is the diffusion coefficient of electro-active species and Co is the 
concentration of electroactive species in the solution. Peak current is proportional to 
ν1/2 in the range of scan rates where diffusion control applies. Between 100 and 1000 
mV s−1, the peak current of the first system evolves linearly with the square root of 
the scan rate, which indicates a diffusion limited redox process.  
4.1.3. Effect of monomer concentration on the yield, conductivity and charge 
Both the solid state conductivity and yield vs. initial monomer concentration for PCz 
are given in Figure 4.11. An increase in carbazole concentration leads to an increase 
in the solid state conductivity of the resulting thin polymer film. While the 
concentration of monomer increases 10 times from 5x10-3 M to 5x10-2 M, the 
conductivity of PCz rises from (0.08 ± 0.05) mS cm-1 to (6.36 ± 0.05) mS cm-1.  
 
 
 
 
 
 
 
 
Figure 4.11: Effect of Initial Monomer Concentration ([Cz]0) on PCz, Solid State 
Conductivity and % Yield. 
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The solid state conductivity of polycarbazole with respect to initial carbazole 
concentration was linearly proportional with conductivity. i.e., an increasing 
monomer concentration leads to an increase in the amount of radical cations. This 
increases the conjugation length of the polymer, and also increases the conductivity 
of the polymer (Figure 4.12). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12: Solid State Conductivity and Charge on CFMEs in 0.1 M NaClO4 / 
ACN. 
4.1.4. Effects of dielectric constant, dipole moment, viscosity, anodic and 
cathodic current density ratios (ia/ic) and thickness values on PCz in different 
solvents  
Dielectric constant, dipole moment, and viscosity of the solvent affected the 
electropolymerization of Cz (Figure 4.1-6), and the redox properties, and thickness 
of the PCz film. (Table 4.2 and 4.3). This is because the solvent-polymer interaction 
on the polymer chain is dependent on the dielectric constant and dipole moment 
[256] of the solvent chosen for electropolymerization. 
Viscosities of solvents were measured (Ubbelohde viscosimeter) by the flow time of 
solution through a simple glass capillary. The lowest viscosity was obtained in ACN 
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(0.31 mm2 cm-1) compared to PC (1.38 mm2 cm-1), DMF (0.74 mm2 cm-1) and 
CH2Cl2 (0.44 mm2 cm-1). Anodic and cathodic current density ratios (ia / ic) of 0.1 M 
NaClO4 / ACN solution was the highest one (0.93, reversible). The thickness of the 
coated PCz film in NaClO4 / ACN (4.83 μm, with higher dielectric constant 36.64 ε) 
was higher than the PC (1.85 μm) and the CH2Cl2 (0.25 μm) as shown in Table 2.3. 
Table 4.2: Dielectric Constant (Permittivity) and Dipole Moments at 20 oC [241-
242], on PCz in Various Organic Solvents. 
 
 
 
 
 
 
Table 4.3: Viscosity, Anodic and Cathodic Current Density Ratios (ia / ic) and 
Thickness Value on PCz in Various Organic Solvents. 
*(n.d):not determined. 
4.2. Spectroscopic Analysis of Carbazole 
4.2.1 FTIR-Reflectance spectrum of electrocoated of Polycarbazole on CFME 
The FTIR-reflectance spectra of electrocoated polycarbazole prepared under the 
defined experimental conditions are given in Figure 4.13. A significant band at 1093 
cm-1 has been attributed to perchlorate ion, which is due to the electrolytes in 0.1 M 
NaClO4 / PC. Characteristic peaks observed at 3559–1626, 1233, and 681–728 cm-1, 
corresponding to –CH3 (sp3 CH stretching), -C-N (stretching of aromatic C-N bonds 
or vibration of disubstituted benzene ring), and -C-H (out-of-plane deformation of C-
H bond in benzene ring) [257], also provide evidence of polymer formation on the 
Solvents Dielectric constant /ε Dipole moment/ D 
PC 66.14 4.90 
ACN 36.64 3.92 
DMF 38.25 3.82 
CH2Cl2 9.14 1.60 
Solvents η/mm2 s-1 ia/ic Thickness / μm 
PC 1.38 0.83 1.85 
ACN 0.31 0.93 4.83 
DMF 0.74 0.75 (n.d)*. 
CH2Cl2 0.44 0.79 0.25 
  69 
 
CFME. For the polymer, the band at 1626 cm-1 can be assigned to the anti-symmetric 
and symmetric C=C stretching deformation. In the region above 2000 cm-1, the broad 
absorption typical of organic conductors hinders the detection of the 3559 cm-1 band 
(N-H stretching) which is very sharp around 3000 cm-1. Peak intensities around 1100 
cm-1 were examined as shown in Figure 4.14. The characteristic peaks at 1062, 1071, 
1093, 1094, and 1095 cm-1, are due to the perchlorate ion obtained in KClO4 / PC, 
LiClO4 / ACN, NaClO4 / PC, TEAP / PC, and NaClO4 / ACN. The peak at 1094 cm-1 
is lower than the perchlorate anion in TEAP / PC. Peak shifts are obtained for KClO4 
/ PC (at 1062 cm-1) to NaClO4 / ACN (at 1095 cm-1) (Figure 4.14).  
Increases in the electro-negativities of cations from K+, Li+ and Na+, peaks (at 1062 
cm-1, 1071 cm-1, 1095 cm-1) shift to higher wave numbers (Figure 4.15). Cyclic 
voltammogram results also showed that the maximum current density was obtained 
in NaClO4 / ACN (potentiodynamically) which is similar to the above finding. 
 
Figure 4.13: FTIR-Reflectance of Grafted PCz on CFME ( in 0.1 M  NaClO4 / PC), 
[Cz]0=10-2 M. Inset: Carbazole Structure. 
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Figure 4.14: FTIR-Reflectance of Coated PCz on CFME, (in 0.1 M LiClO4 /ACN, 
TEAP / PC, NaClO4 / ACN, and NaClO4 / PC), [Cz]0=10-2 M. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.15:  Relationship with FTIR-Reflectance Shifts in (Using K+, Li+ and Na+ 
cations) Peaks and Electro-negativities (a: Alled-Rochow, b: Pauling, c: Sanderson). 
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4.2.2 UV-vis Spectrophotometric Results 
4.2.2.1 Ex-Situ Spectroelectrochemistry for Soluble Species  
Carbazole was electrocoated on CFME in 0.1 M LiClO4 and NaClO4 as supporting 
electrolytes in ACN and PC solvents. After completing the electropolymerization 
processes, Ex-situ UV-visible spectrum of solution was taken between 300 and 750 
nm. This indicates that the highest oligomer or soluble polymer content was obtained 
in 0.1 M LiClO4 / PC as shown in Figure 4.16. (Absorbance peak is at 580 nm). The 
maximum absorbance for oligomers was obtained in 0.1 M LiClO4 / PC. However, 
the minimum absorbance for oligomers was obtained in 0.1 M LiClO4 / ACN (at 500 
nm). This may be due to the higher conjugation in PC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.16: Ex-situ UV-vis Spectra of Oligomeric Species of Electrolyte Solution, 
0.1 M  in A) LiClO4 / ACN, B) NaClO4 / ACN, C) NaClO4 / PC and D) LiClO4 / PC. 
[Cz]0=10-2 M. 
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4.2.2.2 In-Situ Spectroelectrochemistry for coated polymer on ITO 
Spectroelectrochemical methods were also employed for the studying of the changes 
in band position of polymers during oxidation (p-doping). Polymer films for 
spectroelectrochemical analysis were electropolymerized on ITO glass and 
subsequently washed with ACN. They were then placed in a quartz cuvette with a 
counter and reference electrodes. Fast switching times (10 seconds) were obtained 
between -1.2 V to +1.2 V, and large optical changes were attained in 0.1 M NaClO4 / 
ACN (Figure 4.17). The films optical band gap was obtained at 3.05 eV. The 
electronic band gap (Eg), defined as the onset for the π-π* interband transition is 
close to 3.2 eV, in agreement with other literature [258]. When a potential higher 
than 0.55 V is applied, two absorption bands appear at 395 nm and around 800 nm 
which have been attributed to the radical cation and dication of carbazole, 
respectively [259]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.17: In-situ Absorption Spectra of PCz Film during the Doping Process in 
0.1 M NaClO4 / ACN. Potential Sweep was Measured from -0.8 to +1.2 V. The Film 
was Prepared by Potentiostatic Method at 1.2 V. Reference Spectrum Measured at 
0.0 V.  [Cz]0=10-2 M. Inset: UV-Visible Absorption Spectra of Oxidized (1) and 
Neutral that was Obtained by Reduction -1.0 V for 30 sec. (2) PCz Film on ITO. 
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4.3. Morphologic Analysis of Carbazole 
4.3.1. SEM images of electrocoated polymers on carbon fiber microelectrodes 
The surface morphology of the coated and uncoated single fibers was studied using 
scanning electron microscopy (SEM). The uncoated PAN-based CFME is given in 
Figure 4.18. The thickness of coated PCz in TEAP / CH2Cl2 was 0.25 μm (Fig.4.19). 
The coated PCz was clearly observed in the NaClO4 / ACN medium at a 
magnification of 200 nm (Fig.4.20). The thickness of electrografted fiber (from SEM 
images) and different electrolytes and solvents indicated that the maximum thickness 
value of the electrocoated sample of PCz was obtained in ACN (4.83 μm) (Fig.4.21). 
The SEM micrographs reveal that PCz electrocoated potentiodynamically on CFME 
in the 0.1 M NaClO4 / ACN (10 μm, Fig.4.22). The micrographs of electrocoated 
polycarbazole on CFME also show a cauliflower-like structure (prepared at 0.1 M 
NaClO4 / ACN) [260]. The thickness of PCz in KClO4 / PC was 1.85 μm (Fig.4.23).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.18: SEM Images of PAN Based Uncoated CFME CA 320000. 
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Figure 4.19: SEM Images of PCz in 0.1 M TEAP/CH2Cl2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.20: SEM Images of PCz in 0.1 M NaClO4/ACN (200 nm). 
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Figure 4.21: SEM Images of PCz in 0.1 M NaClO4/ACN (2 μm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.22: SEM Images of PCz in 0.1 M NaClO4/ACN (10 μm). 
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Figure 4.23: SEM Images of PCz in 0.1 M KClO4/PC. 
4.4. Electropolymerization of N-Vinyl carbazole 
4.4.1 Electropolymerization of N-Vinyl carbazole onto CFMEs by CV 
Electrodeposition of polymers was potentiodynamically performed onto CFMEs at 
room temperature, by using the CFMEs as anode. The initial concentrations of 
monomers were 10-3 M NVCz in dichloromethane and acetonitrile containing 0.1 M 
TEAP and NaClO4 as supporting electrolytes. After these 2 different solutions, the 
electrocoated CFMEs were washed thoroughly with water, distilled acetone and 
THF, and then dried overnight at room temperature. The three-electrode systems 
were used consisted of CFMEs, Ag / AgCl and Pt wire as the working, reference and 
counter electrodes respectively. One of the electrodes, the reference electrode, should 
have a low impedance and capable of maintaining a constant potential. The other 
electrode in biological applications is typically a CFME and it is referred to as the 
working electrode. By controlling the surface potential of the working electrode and 
simultaneously measuring the amount of current passing through it, information 
concerning the charge transfer processes that occur at the interface of the carbon and 
solution is obtained. The cyclic voltammogram corresponding to the 
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potentiodynamic electrooxidation and electrochemical coating of P(NVCz) are 
shown in Figure 4.24 and 25.  
Application of potential between 0.0-1.4 V vs. Ag / AgCl induces a redox reaction 
corresponding to the doping / undoping process of the growing thin film. Oxidation 
potential of P(NVCz) is 1.08 V, while the reduction potential is 0.93 V in 0.05 M 
TEAP / CH2Cl2 solution. The reversibility of modified thin film is high (ΔE = 0.15 
V) (Fig.4.24). P(NVCz) was also obtained in 0.1 M NaClO4 / ACN solution. The 
oxidation potentials are 1.00 and 1.27 V, and reduction potentials are 0.86 and 1.16 
V. The reversibility of modified thin films are low (ΔE = 0.14 and 0.11 V) 
(Fig.4.25). 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.24: Polymer Growth of NVCz Deposited by CV on CFME a) in 0.05 M 
TEAP / CH2Cl2, Polymer-Growth of NVCz Deposited by CV on CFME (Scan Rate: 
100 mV s-1) 6 Cycles, Between 0.0 and 1.4 V vs. Ag / AgCl. [NVCz]0=10-3 M. 
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Figure 4.25: Polymer Growth of NVCz Deposited by CV on CFME b) in 0.1 M 
NaClO4 / ACN. (Scan Rate: 100 mV s-1) 6 Cycles was Taken Between 0.0 and 1.4 V 
vs. Ag / AgCl. [NVCz]0=10-3 M. 
A continuous increase in current on successive scans was observed that provokes a 
progressive increase in the thickness of the polymeric film deposited on the 
electrodic surface. In addition, the peak potential shifts more cathodic values 
attributed to an increase in conjugation as the chains grow, facilitating thus the 
oxidation. Electrodeposition of P(NVCz) in 0.1 M LiClO4/PC was carried out by 
means of CV, chronoamperometric and chronopotentiometric methods (Figure 4.26, 
27 and 28). 
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Figure 4.26: Polymer Growth of NVCz Deposited by Chronoamperometric Method 
(1.45 V) on CFMEs in 0.1 M LiClO4 / PC. [NVCz]0=10-3 M. [NVCz]0=10-3 M. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.27: Polymer Growth of NVCz Deposited by Chronopotentiometric Method 
(100 mA) on CFMEs in 0.1 M LiClO4 / PC. [NVCz]0=10-3 M. 
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Figure 4.28: Polymer Growth of NVCz Deposited by CV Method on CFMEs in 0.1 
M LiClO4 / PC. Scan Rate: 100 mV s-1, 8 Cycles was Taken Between 0.0 and 1.4 V 
vs. Ag/AgCl, [NVCz]0=10-3 M. 
4.4.2 Effect of scan rate on modified CFME, (PNVCz) 
Changing the scan rate at which the polymers were grown, appears to have an effect 
on the electrogrowth mechanism. It is attractive to interpret the observations in terms 
of the sample formation of the carbazole cation radical and it is well established that 
the cation radical of the NVCz monomer very readily dimerises, producing a 3,3’-
bicarbazolyl which is more easily oxidized than the parent carbazole. During the 
second wave the green product formed during the first wave is replaced by an intense 
blue coloration which suggest that the wave is due to the formation of the 
dicarbazolylmethyl cation where the –CH- bridge has been derived from the solvent 
as has been observed from the chemical oxidation of P(NVCz) [261]. Cyclic 
voltammogram of P(NVCz) coated CFME in monomer free electrolyte shows one 
oxidation potential beyond at 1.0 V having linear dependence with scan rate (Fig. 
4.29 a and b).  
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Figure 4.29: P(NVCz) Formed by Electrochemically in Monomer-Free Solution on 
CFMEs, 8 Cycles at 50 mV s-1, 100 mV s-1, 150 mV s-1, 200 mV s-1, 250 mV s-1, 300  
mVs-1, 400 mVs-1 and 500 mV s-1 a) in 0.05 M TEAP / CH2Cl2; b) in 0.1 M NaClO4 / 
ACN Solution. [NVCz]0=10-3 M. 
In monomer free solution, the CV of P(NVCz) formed at 50 mV s-1 indicates that 
during the first few cycles, oligomeric species or small polymer chains forms and 
dissolve during oxidation and reduction cycle leaving longer polymer chains which 
remain adhered on the CFME surface, therefore, charge stabilizes after a few cycles. 
This dissolution of smaller species has not been observed for the polymers formed at 
slower rates indicating that longer chains have been obtained at slow rates, allowing 
more ordered structure of polymer chains.  
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4.5. Spectroscopic Analysis of N-Vinylcarbazole 
4.5.1 FTIR-ATR measurements of P(NVCz) 
The FTIR-ATR spectra of absorption peaks for P(NVCz) in different solutions 0.05 
M TEAP / CH2Cl2 and  0.1 M NaClO4 / ACN was obtained from the surface of the 
electrocoated on CFMEs by reflectance measurements (~25-30 modified CFMEs) 
(summarizes in Table 4.4). FTIR-ATR measurements were prepared at 10-3 M initial 
concentrations of the individual monomers. Also, the homopolymer FTIR-ATR 
clearly shows the presence of characteristic peaks of P(NVCz), see Fig.4.30.  
Figure 4.30: FTIR-ATR Spectrum of P(NVCz) a) in 0.05 M TEAP / CH2Cl2 b) in 
0.1M NaClO4 / ACN, 100 mV s-1, [NVCz]0=10-3 M. 
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Table 4.4: Assignments for the Reflectance FTIR Absorption Frequencies Observed 
for Electrocoated P(NVCz) on CFME. 
Wave numbers (cm-1) 
NVCz 
Assignments Explanations 
3582 γ (C-H) Aromatic stretching [262] 
2982 γ (C-H) Asymmetric stretching of 
aromatic structure and  
H
Ar  
1626 γ (C=H)ring Aromatic ring of NVCz 
1462, 1408 γ (C=C)ring, γ (C-C)ring, Ring vibration of NVCz 
moiety. 
1309 γ (C-N) Stretching 
1180 γ (C-C) Stretching [263] 
1072, 1084 γ (ClO4-) ClO4- group of supporting 
electrolyte (TEAP, 
NaClO4 respectively). 
789 γ (C-H) Substituted aromatic ring 
of NVCz. 
Assignments of stretching and in-plane deformation of (C=C)ring, (C-C)ring of N-VCz, 
and ClO4- are in agreement with literature values [264], γ represents stretching 
4.6. Morphologic Analysis of N-Vinylcarbazole 
4.6.1 Scanning electron microscopy (SEM)  
The scanning electron microscope micrographs show that the coatings generally 
exhibit a continuous and homogeneous growth on the surface of fibers. The scanning 
electron micrographs of cross-linked P(NVCz) were obtained in 0.05 M TEAP / 
CH2Cl2 at magnification of 10 μm (Fig.4.31), in 0.1 M NaClO4 / ACN medium at 
magnification of 10 μm (Fig.4.32), 0.1 M TEABF4 / ACN medium at magnification 
of 5 μm (Fig.4.33) and in 0.1 M LiClO4 / ACN medium at magnification of 2 μm 
(Fig.4.34). The formation of discrete lumps of irregular shapes and sizes was clearly 
visible [265]. The morphology of the coated polymer chances with type of solution 
and the cycle numbers (8 cycles were deposited). At high cycle numbers, the 
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polymer growth starts to show nucleation growth on certain sites [266]. Fig.4.31, 32 
33 and 34 shows the graph of thickness of electrocoated carbon fiber and current 
densities obtained from eight cycles of CV values obtained from polymer coated on 
CFME (Fig.4.24 and 25). It can be seen that there is a decrease in the thickness with 
the decrease in the current density as compared TEAP / CH2Cl2 and NaClO4 / ACN 
solutions. The highest homogeneity and thickness were obtained in the case of 
P(NVCz) at the highest current density. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.31: SEM Images of P(NVCz) in 0.05 M TEAP / CH2Cl2 on CFME. All 
Depositions were Done with 8 cycles by CV. 
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Figure 4.32: SEM Images of P(NVCz) in 0.1 M NaClO4 / ACN Medium on CFME. 
All Depositions were Done with 8 cycles by CV. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.33: SEM Images of P(NVCz) in 0.1 M TEABF4 / ACN on CFME. All 
Depositions were Done with 8 Cycles by CV. 
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Figure 4.34: SEM Images of P(NVCz) in 0.1 M LiClO4 / ACN on CFME. All 
Depositions were Done with 8 Cycles by CV. 
4.6.2 Atomic force microscopy (AFM) images 
AFM is useful a useful technique, complementary to SEM, to confirm the presence 
of the coated layer and to obtain high resolution images of the coating. Grains size 
measurements of homopolymer can be obtained by AFM and used to sustain, 
together with the information gathered with the other techniques that is seen as 
further step in the analysis of uncoated and coated polymers on ITO. The high-
resolution images obtained by AFM analysis on indium tin oxide (ITO) show that the 
electropolymerization of conductive polymer onto ITO produces different surfaces 
against to uncoated ITO. The combination of 3-MeTh and NVCz previously 
generated an electrocoating that covers the entire carbon fiber and the new surface 
obtained is rough due to agglomeration (1 µm size) of polymer grains (140–200 nm). 
The presence of NVCz facilitated the formation of rods due to a linear coalescence of 
grains. The substitution 3-MeTh with VBSA in the electrocopolymerization 
enhanced the tendency to form these rods. When NVCz is present together with 
VBSA, the copolymer growth in grains that preferably self-organize in linear and 
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ordered structures (~400 nm x100 nm) and form deep steps (at least 2 µm dept) on 
the electrocoated surface [267]. AFM images of uncoated on indium tin oxide (ITO) 
(Fig.4.35) and electrocoated of P(NVCz) in TEAP / CH2Cl2 on ITO (Fig.4.36) were 
obtained comparatively. The polymer image size (~100 µm x100 µm), image 
resolution (400 x 400 pixels), scan rate (75 µm s-1), forward direction scan and 
sample bias (1 mV) were used to obtain Figure 4.35 and 36. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.35: AFM Images of Uncoated ITO. 
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Figure 4.36: AFM Images of P(NVCz) in 0.05 M TEAP / CH2Cl2 on ITO. 
4.7. Electropolymerization of Carbazole with p-Tolylsulfonyl pyrrole 
4.7.1 Characterization of Micron-size thin films of electrocoated carbazole with 
p-Tolylsulfonyl pyrrole on CFMEs 
Carbazole (Cz) monomers with p-Tolylsulfonyl pyrrole (pTsp) (used as self- dopant) 
were electrochemically coated onto micron-size carbon fiber by a potentiodynamic 
method. The resulting micron-size thin films of homopolymer and copolymers were 
characterised by electrochemical methods (i.e., cyclic voltammetry), solid state 
conductivity measurements (four-point probe), spectrophotometric methods (in-situ 
spectroelectrochemistry), Fourier transform infrared reflectance spectroscopy (FTIR-
ATR), and scanning electron microscopy (SEM). Cyclic voltammetric results 
indicate that an increase of pTsp concentration in copolymer formation (while the Cz 
concentration was kept constant) current density increases randomly. The maximum 
anodic current density was obtained at 0.49 µA cm-2 by the initial feed ratio of 
[pTsp]0 / [Cz]0= 5. This is three times higher than the anodic current density of 
polycarbazole (PCz) (0.15 µA cm-2). The electrocoated copolymer corresponding to 
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an initial feed ratio of [pTsp]0 / [Cz]0=5 was observed as polaron and bipolaron on 
indium tin oxide (ITO) by UV-vis spectrophotometry. The solid state conductivity 
was measured with a four-point probe apparatus. Results show that a 10 times 
increase in Cz concentration leads to an increase in conductivity from 0.08 mS cm-1 
to 6.36 mS cm-1, and also raises yields from 13.69 % to 97.72 %. In contrast, a 10 
times increase in pTsp concentration leads to a decrease in conductivity from 0.39 to 
0.02 mS cm-1, and also decreases yields from 21.72 % to 2.82 % which is due to the 
polymer’s bulky structure. The efficiency of the electropolymerization process on the 
carbon fiber surfaces by cyclic voltammetry, depending on the experimental 
conditions, was evaluated in order to ascertain the effects of copolymer thickness, 
dopant, band gap (Eg), and the redox parameters (anodic and cathodic potentials (Ea, 
Ec), oxidation peak potentials, Eox, and stability test of electrodes).  
4.7.2 Electropolymerization of copolymer on CFMEs by Cyclic Voltammetry 
The electropolymerization of carbazole and copolymer (Cz with pTsp, structures as 
given in Fig.4.37) show similar results on CFME by comparing Pt button electrode. 
Carbazole monomer was electrocoated onto CFMEs and Pt button electrode. 
However, pTsp monomer was not electropolymerised itself onto both of these 
electrodes. 
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Figure 4.37: Structures of a) Carbazole Monomer, b) p-Tolylsulfonyl pyrrole 
Monomer. 
Polymer thin films were generated by CV and current densities vs. potential changes 
were plotted. The onset potential of carbazole and mixture of (Cz-pTsp) were 
observed at 0.84 V (Fig. 4.38a) and 0.85 V (Fig. 4.38b), respectively. The CV of PCz 
and copolymer (initial feed ratio of [pTsp]0 / [Cz]0 = 5) during electrogrowth on 
CFMEs are presented in Figure 4.39a, and b, respectively. Upon repeated scans, new 
redox processes appeared at lower potentials, indicating the formation of an 
electroactive polymer film. It was suggested that the polymerization of electroactive 
monomers are initiated by the monomer radical cation formation and their coupling 
reactions in a fast step. When polymer is thick, electron transfer would be difficult so 
doping perchlorate ion (ClO4-) will be harder that is a resistance will be formed to 
doping ion migration. It is seen that the redox system is reversible (Fig.4.38).  
  
 
 
 
 
 
 
 
 
 
 
                      a) Carbazole                                   b) p-Tolylsulfonyl pyrrole 
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Figure 4.38: CV for the Electrogrowth of a) PCz and b) P(Cz-co-pTsp) with the 
Initial Feed Ratio of [pTsp]0 / [Cz]0=5 on CFMEs in 0.1 M NaClO4 / ACN, 30 
Cycles at 100 mV s-1 [Cz]0=10-3 M, [pTsp]0=5.10-3 M. 
First oxidation peak potential of the Cz / pTsp mixture by the initial feed ratio of 
[pTsp]0 / [Cz]0 = 5 during the electrogrowth process was obtained at ~0.85 V (with  
0.46 µA cm-2 current density). And the corresponding reduction peak potential was 
obtained at ~0.65 V in copolymerization. However, the first oxidation peak potential 
of the Cz during the electrogrowth process was obtained at ~0.84 V (with 0.18 µA 
cm-2). The corresponding reduction peak potential was obtained at ~0.64 V in 
homopolymerization process.  
In this work, carbazole and pTsp monomers were electrocoated on CFME in 0.1 M 
NaClO4 / ACN. Aim is to obtain P(Cz-co-pTsp) thin films that the copolymer 
electrochemical properties is better than PCz because of reducing of oxidation 
potentials, and band gaps and increasing of conductivity. In this study, 
electropolymerization was performed for the monomers and their mixtures using 
multiple scans in 0.1 M NaClO4 / ACN by CV. The electrodeposition of PCz 
(Fig.4.39a) and P(Cz-co-pTsp) with an initial feed ratio of [pTsp]0 / [Cz]0= 200 
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(Fig.4.39b) which was electropolymerized on the CFMEs at 100 mV s-1, and the 
potential range was between 0.00 V to 1.6 V vs Ag / AgCl. The initial monomer 
concentration of carbazole was held constant in 10-3 M , and pTsp concentration was 
chosen as 0.2 M (Fig.4.39b). 
 
 
 
 
 
 
 
 
 
 
Figure 4.39: CV of PCz (a), and P(Cz-co-pTsp), Initial Feed Ratio of [pTsp]0 / 
[Cz]0=200 (b) in 0.1M NaClO4 / ACN at 100 mV s-1 Taken Multiple Scans, 30 
Cycles, Used as Ag/AgCl Reference Electrode. [Cz]0=10-3 M 
The oxidation potentials of the monomers were obtained from the first cycles as 
~0.84 V (with 0.18 µA cm-2 current density) and ~0.85 V (with 0.62 µA cm-2 current 
density) vs. Ag / AgCl for PCz, and P(Cz-co-pTsp), respectively. The proposed 
possible polymeric structure of the CFME coated with Cz and pTsp mixtures are 
shown in Figure. 4.40.  
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Figure 4.40: Proposed Structures of P(Cz–co-pTsp) on CFME (pTsp Acts as Self-
Dopant). 
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4.7.3. The effect of Monomer-ratio on the doping degree of copolymer. 
Electrodeposition of homopolymer of Cz and copolymer with pTsp, P(Cz-co-pTsp) 
in NaClO4 / ACN on CFME were carried out as follows: The polymers were 
electrocoated potentiostatically at 1.4 V for 300 s. Copolymerization was performed 
in the same way with a homopolymer in the presence of both monomers. From such 
experiments, potentiodynamic electro-deposition (Q0), and the first discharge (QE,0) 
in the background electrolyte (0.1 M NaClO4 / ACN) degree of doping, y, was 
calculated as suggested in the literature [268] (y=2 QE,0 / ( Q0- QE,0)). The doping 
degree of copolymer was increased from 0.53 to 0.67 with the change of different 
monomer ratios (Table 4.5). That may be the result of the sulfonyl group behaving 
like a dopant ion. 
Table 4.5: Half Wave Potentials (E1/2), Anodic and Cathodic Peak Potentials in 
Monomer Free Electrolyte (NaClO4 / ACN) Obtained From Cyclic Voltammetry. 
(WE: CFME; CE: Pt; RE: Ag / AgCl) 
 
Monomers / M 
 
Eon/V 
 
Eaa/ V 
 
Eab/ V 
 
Ecb/ V 
 
E1/2 / V 
 
ΔE 
 
Doping Degree
[Cz]0 
x10-3 
[pTsp]0 
x10-3 
 
 1 - 0.75 1.31 0.84 0.64 0.74 0.20 0.53 
 1  1 0.77 1.30 0.83 0.77 0.80 0.06 0.62 
 1  2 0.77 1.21 0.89 0.75 0.82 0.14 0.63 
 1  5 0.78 1.36 0.85 0.65 0.75 0.20 0.67 
 1 10 0.80 1.35 0.86 0.73 0.79 0.13 0.53 
 1 50 0.80 1.27 0.88 0.74 0.81 0.14 0.43 
 1 100 0.79 1.23 0.88 0.75 0.81 0.13 0.40 
 1 200 0.78 1.29 0.88 0.76 0.82 0.12 0.38 
*Potentials were measured in V and deviation ± 0.003 V. 
a Monomer oxidation potential, V. 
b Polymer oxidation potential, V. 
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Table 4.5 indicates that different electrochemical parameters were obtained in 
monomer free solution. CV results showed that P(Cz-co-pTsp) has different 
oxidation potentials and redox behaviours (Eox,m, Ea, Ec, E1/2 and ΔE) than PCz. The 
separation between the anodic and cathodic peaks is associated with the ion transport 
resistance involved in these redox reactions [269-272]. Thus, the difference between 
anodic and cathodic peaks (ΔE) can serve as an indication for resistance of ion 
migration in the electrode. The value of ΔE generally increases with the thickness of 
the polymer film coated on the electrode. This can be expected since an increase in 
polymer film thickness leads to an increase in resistance for ion penetration. ΔE was 
obtained as 0.12 in the initial feed ratio of [pTsp]0 / [Cz]0=200 in Table 4.5. 
Therefore, the maximum thickness of copolymer was obtained as (2.64±0.25 μm) (as 
shown in Fig.4.58) compared to other initial feed ratios. In addition, the smaller 
anodic and cathodic peak potentials (ΔE=0.06 of P(Cz-co-pTsp) in the initial feed 
ratio of [pTsp]0 / [Cz]0=1) showed smaller ion-penetration resistance and better 
reversible behaviour. This is also supported by the copolymer electrode since it 
showed thin layer behaviour (obtained from CV results). 
4.7.4 Polymer characterization 
Carbazole and p-Tolylsulfonyl pyrrole monomers were electropolymerized in 0.1 M 
NaClO4 / ACN on CFME by a potentiodynamic method. Then the electrochemically 
deposited films were washed with PC and placed into monomer-free electrolyte 
solutions to find the redox parameters of the copolymer films. Cyclic 
voltammograms of P(Cz-co-pTsp) were recorded at different scan rates (Fig. 4.41). 
The current density is linearly proportional to the scan rate indicating that the 
polymers, and all electroactive sites, are electrode supported.  
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Figure 4.41: P(Cz-co-pTsp) Electrochemically Formed on CFMEs, 8 Cycles at a) 25 
mV s-1, b) 50 mV s-1, c) 100 mV s-1, d) 150 mV s-1, e) 200 mV s-1, f) 300 mV s-1 in 
0.1 M NaClO4 / ACN. All Samples were Subsequently Cycled 8 times 4 cycles in 
Monomer-Free Solution at 100 mV s-1. [Cz]0=10-3 M, [pTsp]0=5.10-3 M. 
Cyclic voltammogram of P(Cz-co-pTsp) coated CFME in monomer-free electrolyte 
shows one oxidation switching potential at 1.20 V and one reduction switching 
potential at 1.12 V  (Fig. 4.41). In the monomer free solution, the CV of P(Cz-co-
pTsp) formed at 100 mV s-1 indicating that during the first few cycles oligomeric 
species, or small polymer chains, formed and dissolved during the oxidation and 
reduction cycle leaving longer polymer chains. These changes remained on the 
CFME surface; therefore, the charge stabilizes after a few cycles. This dissolution of 
smaller species has not been observed for the polymers formed at slower rates 
indicating that longer chains have been obtained at slow rates, allowing for a more 
ordered structure of polymer chains. 
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4.7.5. Effects of initial feed ratio of pTsp on electrocoated copolymer 
P(Cz-co-pTsp) with different supporting electrolytes and solvents indicates that 
differentiation of solution type plays a very important role on polymerization 
reaction. As the other experimental parameters were kept constant, 
electropolymerization may be due to direct grafting onto the polymer surface or 
polymer deposition from solution. The maximum charges were obtained in NaClO4 / 
ACN at the 8th scan number by comparing the anodic peak current densities of P(Cz-
co-pTsp) during the polymer film growth in 0.1M (NaClO4 and LiClO4 in PC, and 
LiClO4 in ACN) at 100 mV s-1 (Fig.4.42).  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.42: Current Density-Scan Number Graph of P(Cz-co-pTsp) in Different 
Supporting Electrolytes and Solvents on CFMEs at 100 mV s-1 [Cz]0=10-3 M, 
[pTsp]0=5.10-3 M. 
In a previous study, thin polycarbazole formation was electrochemically obtained on 
CFMEs. Results of this study showed that the best electrolyte and solvent regarding 
yield, conductivity and charge for the electrocoating was sodium perchlorate in 
acetonitrile i.e.; conductivity: 3.60 mS cm-1, yield: 89 %, charge: 5.50 C [128]. As a 
result, polymerization of carbazole and copolymerization of Cz / pTsp mixture were 
especially studied in acetonitrile.  
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Although pTsp concentration increases 50 times in copolymer formation, current 
density of the copolymer decreases from 0.20 µA cm-2 to 0.15 µA cm-2. The initial 
feed ratio of [pTsp]0 / [Cz]0 for the copolymer formation indicates that the initial feed 
ratio increases from 1.0 to 100, while anodic current density rises from 0.20 µA cm-2 
to 0.45 µA cm-2 (Fig.4.43). In the experiments, initial Cz concentration was 
constantly held (1.0x10-3 M) but (pTsp) concentration changed from 1.0x10-3 M to 
0.2 M. Initial feed ratios ranged from 1.0 to 200. Therefore, the maximum anodic 
current density was obtained as 0.49 µA cm-2 in the initial feed ratio of [pTsp]0 / 
[Cz]0=5. In contrast, PCz anodic current density is obtained as 0.15 µA cm-2. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.43: Current Density vs. Scan Number Graph Obtained during Polymer 
Growth for PCz, and P(Cz-co-pTsp) (Scan rate: 100 mV s-1, 0.0 -1.4 V vs. Ag / 
AgCl). CV of P(Cz-co-pTsp) was Electropolymerized from Mixture of (Cz)-(pTsp) 
at Initial Feed Ratio of (a: PCz, b: [pTsp]0/[Cz]0=1, 2, 5, 10, 50, 100, 200, 
respectively) in 0,1 M NaClO4 / ACN Solution Using Multiple (10 cycles). 
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4.7.6. Effects of initial monomer concentration on the yield and conductivity.  
Both the solid state conductivity and yield vs. initial monomer concentration for PCz 
are given in Figure 4.44. Electrochemical polymerizations were done by 
galvanostatic method (0.1 A) in NaClO4 / ACN on Pt plate electrodes. Firstly, the 
weight of Pt plate electrodes were measured, After the electrodeposition their weight 
were measured again, and the difference between these two coated and uncoated Pt 
plate was the amount of polymer. Yield was calculated from the polymer amount and 
the initial monomer concentration ratio by multiplying 100. The results indicate that 
an increase in Cz concentration leads to an increase in the solid state conductivity of 
the thin polymer film. Cz concentration increases from 5x10-3 M to 5x10-2 M and 
conductivity also increases 0.08 mS cm-1 to 6.36 mS cm-1. The solid state 
conductivity of polycarbazole with respect to initial carbazole concentration was 
linearly proportional with conductivity, and yield (Figure 4.44). i.e., an increasing 
monomer concentration leads to an increase in the amount of radical cations; this 
increases the conjugation length of the polymer, and also increases the conductivity 
of the polymer. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.44: Effect of Initial Monomer Concentration [Cz]0 on P(Cz-co-pTsp), 
Conductivity and % Yield. 
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In the case of the copolymer, the conductivity decreased with the increase of pTsp 
concentration (feed ratio, yields) (Fig.4.45). pTsp monomer concentration increases 
10 times, and conductivity decreases from 0.39 mS cm-1 to 0.02 mS cm-1. Increases 
in pTsp concentration results in a decrease in yield from 21.72 % to 2.82 % due to its 
bulky structure. The reason for this is the conductivity of Cz is much lower compared 
to (pTsp)-(Cz) mixture and PPy, the conductivity of PPy is higher than PCz. 
Moreover, when one is studying a random copolymer structure, it is not known how 
many Cz unit or pTsp unit are in the copolymer, So that may lead to no stereo 
regularity in the copolymer chain, so results show a decrease in copolymer 
conductivity. The yield decrease indicates that pTsp gets into the copolymer structure 
while the conductivity and charge of the copolymer decreases. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.45: Effect of Initial Feed Ratio of [pTsp]0/[Cz]0 on Solid State Conductivity 
and Yield, kept constant [Cz]0=10-2 M. 
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4.8. Spectroscopic Analysis of P(Cz-co-pTsp) 
4.8.1 FTIR-ATR measurements 
The FTIR-ATR-spectra of uncoated CFME, PCz and P(Cz-co-pTsp) were obtained 
from the surface of the electrocoated CFMEs, and the positions of absorption bands 
in each spectrum are given in Figure 4.46 and 47. The copolymers of pTsp / Cz 
mixtures deposited on CFMEs by CV method, that were analyzed by FTIR-ATR 
spectroscopy to confirm the presence of pTsp monomers in (and especially on the 
surface) the polymer. Comparison of the FTIR-ATR spectra of PCz and P(Cz-co-
pTsp) thin films show that the incorporation of both carbazole and pTsp monomers 
to the resulting desired copolymer were obtained at the high concentrations of pTsp 
monomer (0.2 M, the mole fraction of pTsp, XE=0.995).  
Figure 4.46: FTIR-ATR of Uncoated CFME, PCz and P(Cz-co-pTsp) in the Initial 
Feed Ratio of [pTsp]0 / [Cz]0=5 and 200 onto CFME, [Cz]0=10-2 M, [pTsp]0=5x10-2 
M and 2 M in 0.1 M NaClO4 / ACN Scan Rate was at 20 mV s-1, 8 Cycles. 
There are several indications that is suggesting this. For example, characteristic 
peaks were observed at 1451, 1302, and 811-671 cm-1, corresponding to –CH3 (sp3 
C-H stretching), -C-N (stretching of aromatic C-N bonds or vibration of disubstituted 
benzene ring), -C-H (out-of-plane deformation of C-H bond in benzene ring), 
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provide evidence of polymer formation. The most characteristic indication in the 
copolymer is the shift to bands at 830 cm-1 (-C-H bending of trisubstituted aromatic 
rings) and 1556 cm-1 (-C-N stretching of aromatic C-N bonds or vibration of 
disubstituted benzene ring), which is characteristic peaks of PCz to 1547 cm-1 in the 
initial feed ratio of [pTsp]0 / [Cz]0 = 5 and 1592 cm-1 in the initial feed ratio of 
[pTsp]0 / [Cz]0 = 200. In the case of the copolymer following shifts were not 
observed; the peaks around 1595 cm-1 corresponding to the ring vibrations for the 
pTsp monomer and 1599 cm-1 in the carbazole monomer, these peaks were not 
present in the case of the copolymer.  
Figure 4.47: FTIR-ATR of Uncoated CFME, pTsp, Cz Monomers, and P(Cz-co-
pTsp) in the Initial Feed Ratio of [pTsp]0 / [Cz]0=5, 10 and 200 onto CFME, 
[Cz]0=10-2 M, in 0.1 M NaClO4 / ACN Scan Rate was at 20 mV s-1, 8 Cycles. 
The absorption is due to the asymmetric stress vibration of the S=O bond appeared at 
around 1168 cm-1, and that of symmetric stress appeared at 1158 cm-1 [273] but the 
absence of band around this interval for the copolymer strongly suggest that PCz 
chains do not eventually exist in the copolymer. Carbazole monomers are effectively 
bonded during polymerization. Finally, the band around 700 cm-1 was represented 
the phenyl group vibration. The peaks at 830-749 attributed to C-H deformation out 
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of plane of tri-substituted 1,2,4 carbazole cycle and 749 cm-1 (C-H deformation out 
of plane- adjacent 4H 1,2,3,4- at the end of chains of disubstituted carbazole cycle 
[274, 275]. The band located at 1236 cm-1 is confirmed by the valence vibration of 
C-N bond of carbazole cycle [276]. The peaks also around at 1051 cm-1 in the initial 
feed ratio of [pTsp]0 / [Cz]0 = 5, is attributed to doping ClO4- anion due to the 
electrolytes in 0.1 M NaClO4 / ACN [277].  
Figure 4.48: FTIR- ATR of Coated P(Cz-co-pTsp) at Different Initial Feed Ratio of 
co-Monomer (1, 2, 5, 10, 50, 100 and 200) onto CFMEs, [Cz]0=10-2 M and 
[pTsp]0=10-2; 5.10-2; 10-1; 5.10-1, 1 and 2 M, in 0.1 M NaClO4 / ACN at 20 mV s-1.  
FTIR-ATR spectrum of P(Cz-co-pTsp), increase in the initial feed ratio of 
[pTsp]0/[Cz]0=1, 2, 5, 10, 50, 100 and 200, indicate that doped ion (ClO4- from 0.1 M 
NaClO4/ACN) exist in all amounts around at 1074 cm-1. The bands located at 1236 
cm-1 are confirmed by the valence vibration of C-N bond of carbazole cycle and at 
2971 cm-1 CH3 asymmetric stretching in copolymers [278] (Figure 4.48). 
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Figure 4.49: FTIR-ATR Peak Analysis by Changing of Increase of [pTsp]0 / [Cz]0 
with ClO4- ion and (S=O) Peak Intensities. 
It was observed that an increase in the concentration ratio of pTsp / Cz, the 
perchlorate ion, and sulfonyl cause peak intensities around 1200 cm-1, and they 
increase up to the initial feed ratio of [pTsp]0 / [Cz]0=50. After this point, these 
intensities decline gradually (Fig.4.49). The broad FTIR-ATR spectrum shows 
amorphous copolymer structure, amorphous polymer means no stereo regular 
polymer so conductivity is lower than PCz (That is supported with our 4- point probe 
conductivity measurements). Also some peaks in PCz spectra, disappeared in the 
copolymer spectrum, e.g, 830, 1236, 1384, 1432, 1615 cm-1, also doping induced 
band shifted from 1054 to 1087 cm-1. 
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Figure 4.50: Corrected Height Ratio of (-CH3) and (S=O) Stretching Peaks Obtained 
from FTIR-ATR Spectrum vs. Percent Amount of pTsp in the Copolymer Formation. 
 
 
 
 
 
 
 
 
 
Figure 4.51: Corrected Height (S=O) Stretching Peaks Obtained from FTIR-ATR 
Spectrum vs. Percent Amount of pTsp in the Copolymer Formation. 
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Corrected height ratio of (-CH3) and (S=O) stretching peaks obtained from FTIR-
ATR spectrum vs. percent amount of pTsp in the copolymer formation was 
investigated to prove the copolymerization as shown Figure 4.50. The corrected 
height ratio of (-CH3) and (S=O) stretching peaks does not change by increase of 
percent amount of pTsp in the copolymer formation. However, the corrected height 
ratio of (S=O) stretching peaks increases by percent amount of pTsp. It is to be 
proved the copolymerization (Figure 4.51).  
4.8.2 UV-vis Spectrophotometric Results  
Spectroelectrochemical methods were also employed to study the changes in band 
position of polymers during oxidation (p-doping). Polymer films for 
spectroelectrochemical analysis were electrochemically polymerized on ITO glass 
and subsequently washed with ACN and placed in a quartz cuvette with counter and 
reference electrodes. In situ UV-vis spectra were recorded while cycling a copolymer 
film in monomer free electrolyte solution between -0.8 and 1.2 V. The 
polymerization was obtained in NaClO4 / ACN. The growth and change of the 
spectra as a function of potential are shown in Figure 4.52. The absorbance assigned 
to a π-π* transition at 400 nm decreases continuously as doping proceeds,  all while 
evolves at 750 nm. In the fully reduced form at -0.8 V the polymer is green, but the 
colour gradually changes to yellow (by application of mildly oxidizing potential, 0.1 
V) and then deep green at higher potentials. The band gap of P(Cz-co-pTsp) is 2.25 
eV and ~3.05±0.05 eV for PCz, which is closer to  previous  findings, (3.25 eV) 
[279]. This small change in the band gap may stem from the incorporation of the 
carbazole in the resulting polymer. It should also be noted that P(Cz-co-pTsp) can 
not completely be reduced as much as PCz, which also supports the incorporation of 
Cz to the polymer. Moreover, UV-vis peaks at lower energies in the oxidized state of 
both polymers makes them useful for some applications in the near IR region. 
Re-oxidation of the thin film results in a decrease in the absorption peak at 320 nm. 
The appearance of a new broad peak occurs beyond 700 nm, which is attributed to 
the formation of delocalized cationic charge carriers. 
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Figure 4.52: In-Situ Spectroelectrochemistry of P(Cz-co-pTsp) Film Obtained at 
Different Potential in the Range of -0.8 to +1.2 V [Cz]0=10-2 M, [pTsp]0=5.10-2 M, 
Initial Feed Ratio of [pTsp]0 / [Cz]0=5, in 0.1 M NaClO4 / ACN. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.53: Variation of Maximum Absorbance at λ=720 nm by [Cz]0=10-2 M (1) 
and Presence (2) of [pTsp]0=10-2 M, with Time. 
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The investigation of the oligomeric species in solution was carried out Cz 
concentration at 10-2 M. After that period, the variation in absorbance at λ=720 nm 
over time was measured using a UV-visible spectrophotometer (Fig.4.53). The 
decrease in absorbance in the presence of pTsp is higher than in PCz solution alone. 
Together, this supports the conclusion that the oligomeric species react with the other 
monomer during the new copolymer formation. 
4.9. Morphologic Analysis of P(Cz-co-pTsp) 
4.9.1. Scanning electron microscopy (SEM) 
The morphology of PCz is affected by the applied self-dopant and fundamental 
condition of polymerization, such as the concentration of chemicals. The thickness of 
coated PCz was previously studied in different solutions. The results were obtained 
in NaClO4 / ACN (4.83 μm), TEAP / CH2Cl2 (0.25 μm) and KClO4 / PC (1.85 μm). 
The uncoated PAN-based CFME is given in Fig. 4.18.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.54: Surface Morphology of P(Cz-co-pTsp) Films, Initial Feed Ratios 
[pTsp]0/[Cz]0=1 on CFMEs. [Cz]0=10-3 M and [pTsp]0=10-3 M. Potentiodynamic 
Coating in 0.1 M NaClO4 / ACN. 30 Cycles and Scan Rate: 100 mV s-1. 
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However, the coated PCz was clearly observed in NaClO4 / ACN medium by a 
potentiodynamic method at magnification of 2 μm as shown in 4.19 and 200 nm as 
given in Fig. 4.20. The supporting self-dopant (pTsp) has a great influence on the 
morphology of electrodeposited PCz as shown in Fig. 4.54, 55, 56, 57, and 58. It is 
known that monomer oxidation affects the polymer chain formation i.e., the slower 
the pTsp monomer oxidation rate is the more packed the polymer chain will be and 
the polymer morphology will appear to be more compact [280, 281].  
The thickness (diameter) of the electrocoated fiber (SEM) vs. increasing of pTsp 
concentration in copolymer indicated that the more thickness of the electrografted 
sample of P(Cz-co-pTsp) were obtained in the initial feed ratios of [pTsp]0 / 
[Cz]0=100 (2±0.25 μm) (Fig.4.57) and [pTsp]0 / [Cz]0=200 (2.64±0.25 μm) 
(Fig.4.58).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.55: Surface Morphology of P(Cz-co-pTsp) films, Initial Feed Ratios 
[pTsp]0/[Cz]0=5 on CFMEs. [Cz]0=10-3 M and [pTsp]0=5x10-3 M. Potentiodynamic 
Coating in 0.1 M NaClO4 / ACN. 30 Cycles and Scan Rate: 100 mV s-1. 
  110 
 
The homogeneous images were also observed at a high magnification as given in 
Figure 4.57 and 58. (30 cycles were taken; scan rate was at 100 mV s-1).  
SEM of PCz indicates that electrocoating is not homogenous; there are lots of 
uncoated places on CFME. When the ratios of pTsp / Cz are 1 and 5, the copolymer 
coating disperse the bigger area on CFME, but still not very homogenous. When the 
ratio increased to 100 and 200, film coating was very successful, since all of the 
surface of CFME is coated very homogenously, there is only the reason that pTsp 
incorporated into polymer structure also it gives very compact structure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.56: Surface Morphology of P(Cz-co-pTsp) Films, Initial Feed Ratios 
[pTsp]0/[Cz]0=10 on CFMEs. [Cz]0=10-3 M and [pTsp]0=10-2 M. Potentiodynamic 
Coating in 0.1 M NaClO4 / ACN. 30 Cycles and Scan Rate: 100 mV s-1. 
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Figure 4.57: Surface Morphology of P(Cz-co-pTsp) Films, Initial Feed Ratios 
[pTsp]0/[Cz]0=100 on CFMEs. [Cz]0=10-3 M and [pTsp]0=10-1 M. Potentiodynamic 
Coating in 0.1 M NaClO4 / ACN. 30 Cycles and Scan Rate: 100 mV s-1. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.58: Surface Morphology of P(Cz-co-pTsp) Films, Initial Feed Ratios 
[pTsp]0/[Cz]0=100 on CFMEs. [Cz]0=10-3 M and [pTsp]0=2x10-1 M. 
Potentiodynamic Coating in 0.1 M NaClO4 / ACN. 30 Cycles and Scan Rate: 100 
mV s-1.  
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4.9.2 EDX results of electrocoated copolymers on Carbon Fiber Microelectrodes 
EDX data from point analysis (Figure 4.59a) and mapping analysis (Fig.4.57b) on 
Cz-pTsp mixture by the initial feed ratio of [pTsp]0 / [Cz]0=200 in the 0.1 M 
NaClO4 / ACN on CFME indicate that pTsp is included in the copolymer structure 
(presence of sulfur (S) in structure).  
 
a) 
 
b) 
Figure 4.59: a) EDX-Point Analysis of P(Cz-co-pTsp), b) EDX-Mapping Analysis, 
the Initial Feed Ratio of [pTsp]0 / [Cz]0=200 in 0.1 M NaClO4 / ACN on CFME. 
Table 4.6: C, O, S, Na, Ca, S/C, S/O and S/Na Calculated from EDX, an 
Experimental Values Fitted to the Point and Mapping Analysis Copolymer Structure 
(Cz-pTsp) for Cz and pTsp Electropolymerization Under the Initial Feed Ratio of 
[pTsp]0 / [Cz]0=200. 
                                                             Elements  (% wt) 
K Series Carbon Oxygen Sulfur Sodium Chlorine S/C S/O S/Na
Point 
Analysis 
84.68 12.16 1.63 0.65 0.88 0.019 0.134 2.50 
Mapping 
Analysis 
78.56 18.07 0.85 1.72 --- 0.011 0.047 0.49 
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It qualitatively indicates the inclusion of O is mainly due to further oxidation of 
polymer during electropolymerization process. The absence of Cl in EDX results 
might indicate that doping of anion of supporting electrolyte (ClO4-) was due to the 
repulsion by negatively sulfonyl groups in copolymer. The presence of peaks of O 
and Na indicates the inclusion of the anion (ClO4-) of the supporting electrolyte, 
NaClO4, into copolymer by doping during the electrocoating process (Table 4.6 and 
4.7). 
Table 4.7: Uncoated CFME, PCz, C, Na, Cl, O and S Calculated from EDX, an 
Experimental Values Fitted to the Point Analysis Copolymer Structure (Cz-pTsp) for 
Cz and pTsp Electropolymerization Under the Initial Feed Ratio of [pTsp]0 / [Cz]0=1, 
2, 5, 10, 50 and 100. Polymerization was Made by CV Method, 50th cycles, in 0.1 M 
NaClO4/ACN. 
 
Elements (% wt) , Point Analysis 
Samples Carbon Sodium Chlorine Oxygen Sulfur 
Uncoated CFME 98.70 1.00 0.30 --- --- 
PCz 98.88 0.90 0.22 --- --- 
P(Cz-co-pTsp) 
[pTsp]0/[Cz]0=1 
 
85.54 
 
2.70 
 
1.20 
 
10.56 
 
--- 
[pTsp]0/[Cz]0=2 94.11 0.008 0.44 5.37 --- 
[pTsp]0/[Cz]0=5 91.48 0.00 1.73 6.24 0.55 
[pTsp]0/[Cz]0=10 79.45 2.36 2.03 14.76 1.41 
[pTsp]0/[Cz]0=50 71.13 3.18 4.56 19.09 2.04 
[pTsp]0/[Cz]0=100 75.74 1.71 2.75 16.66 3.14 
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EDX point analysis data of uncoated CFME, PCz and P(Cz-co-pTsp) by the initial 
feed ratio of [pTsp]0 / [Cz]0=1, 2, 5, 10, 50 and 100 (Figure 4.60 and 61) in 0.1 M 
NaClO4 / ACN on CFME indicate that pTsp is included in the copolymer structure, 
by the presence of sulfur (S) in structure from weight percent of 0.55 to 3.14 (Table 
4.7). 
 
 
 
 
 
 
 
 
 
 
Figure 4.60: EDX-Point Analysis of P(Cz-co-pTsp), in the Initial Feed Ratio of 
[pTsp]0 / [Cz]0=100 in 0.1 M NaClO4 / ACN on CFME. 
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Figure 4.61: EDX-Point Analysis of P(Cz-co-pTsp), in the Initial Feed Ratio of 
[pTsp]0 / [Cz]0=100 in 0.1 M NaClO4 / ACN on CFME. 
4.10. Thermal Analysis of uncoated CFME, PCz and P(Cz-co-pTsp) 
4.10.1 Thermal Gravimetric Analysis (TGA) 
A thermogram of uncoated CFME (Fig.4.62) and copolymer of P(Cz-co-pTsp) 
(Fig.4.63) in the initial feed ratio of [pTsp]0/[Cz]0=1 obtained by CV at 25 0C. Here, 
the weight loss was followed at different temperatures and total weight loss of CFME 
reaches 40 % of its original quantity at 750 0C. There is no certain decrease of weight 
loss from starting point to 510 0C, but after 510 0C, it decreases sharply. It can be 
conclude that uncoated CFME is stable at 510 0C. However, weight loss of 
copolymer starts from beginning (2.067 mg) to 800 0C (1.063 mg). Weight loss is 
obtained 51.42 % by increasing of temperature 20 0C / min.  
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Figure 4.62: Thermogram of Uncoated CFME Obtained by CV at 25 0C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.63: P(Cz-co-pTsp) in the Initial Feed Ratio of [pTsp]0/[Cz]0=1 Obtained by 
CV at 25 0C, 40 Cycles. 
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4.10.2 Differential Scanning Calorimetry (DSC) 
The DSC of the uncoated CFME, polycarbazole and copolymer of P(Cz-co-pTsp) in 
the initial feed ratio of [pTsp]0/[Cz]0= 2 were carried out at the scan rate of 10 0C / 
min using a 1.100 mg, 1.500 mg and 1.200 mg samples, respectively. The results of 
DSC are shown in Figure 4.64, 65 and 66. The data show that small exothermic 
behavior on increasing temperature, suggesting an association of the polymeric 
domain and a subsequent change in polymer morphology; it can be associated 
increase in chain length. Uncoated CFME and PCz are not stable especially at 325 
0C, and 260 0C, respectively. The degradation of uncoated CFME was started at 325 
oC (Fig.4.64) and 380 oC for PCz (Fig.4.65). The DSC of P(Cz-co-pTsp) in the initial 
feed ratio of [pTsp]0/[Cz]0= 2 was show that heat flow is very small. The peaks at 70 
and 320 oC indicate the oxidations and degradation starts from 400 oC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.64: Differential Scanning Calorimetry of Uncoated CFME, at the Scan Rate 
10 0C / min. 
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Figure 4.65: Differential Scanning Calorimetry of PCz, at the Scan Rate 10 0C / min 
 
 
 
 
 
 
 
 
 
 
Figure 4.66: Differential Scanning Calorimetry of P(Cz-co-pTsp) in the Initial Feed 
Ratio of [pTsp]0/[Cz]0=2 at the Scan Rate 10 0C / min. 
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4.11. Stability test for copolymer 
The stability of the polymer films was tested by cyclic voltammetry. After the 
preparation of the polymeric film on CFMEs at 50 mV s-1 (8th cycle), they were 
exposed to different potentials in the range from 0.0 to +1.2 V for a few minutes. 
Potentiodynamic scans of electrocoated thin films were recorded in a monomer-free 
electrolyte by CV at different feed ratios ([pTsp]0 / [Cz]0=1 and 5). The percentage 
decrease in electroactivity at different feed ratios at the same scan number and scan 
rate (100 mV s-1) was calculated as follows: Percentage decrease in electroactivity 
[(Ibefore-Iafter) / Ibefore] x 100 where Ibefore is the redox capacity in current density for 
freshly prepared electrode in monomer free electrolyte and Iafter is the redox capacity 
after application of potentials (Fig.4.67). In anodic peak current densities of P(Cz-co-
pTsp) in different feed ratios ([pTsp]0/[Cz]0=1 and 5) in monomer free electrolyte  
56.25 % and 38.88 %, decreases were observed. The redox behaviour of thicker films 
prepared at higher scan numbers (50 cycles) by CV shows quasi-reversible behaviour 
[282].  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.67: Anodic Peak Current Densities of P(Cz-co-pTsp) in Different Feed 
Ratios in Monomer-Free Solution at 100 mV s-1, After 50 cycles. 
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Consequently, the polymer is stable up to higher potentials. Thus, it is important to 
investigate the stability of the polymer on these new substrates (i.e., CFME) for the 
practical applications as much as for the switching properties.  
4.12. Electrochemical Impedance Spectroscopy (EIS)  
EIS measurements are made under steady state conditions. All electrical parameters 
of the system can be determined in a single experiment. They were chacterized bulk 
and interfacial properties of all sorts of materials (conductors, semiconductors, ionic 
transport media, dielectrics (insulators)). EIS can be used to verify mechanistic 
models. EIS works even in low conductivity electrolyte solutions. EIS signal can be 
averaged over long periods to achieve high precision. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.68: Nyquist Plots of a) Uncoated CFME; b) PCz; c) P(Cz-co-pTsp); 
[pTsp]0 / [Cz]0=5; d) [pTsp]0 / [Cz]0=200 in 0.1 M NaClO4 / ACN. Polymerization 
was Obtained at a Scan Rate of 100 mV s-1 by Applying 8 Cycles Between 0.0 and 
1.4 V vs. Ag/Ag/Cl.[Cz]0=10-3 M, [pTsp]0=5x10-3 and 0.2 M. 
The Nyquist plots for uncoated CFME, PCz and for P(Cz-co-pTsp) in the initial feed 
ratio of [pTsp]0 / [Cz]0 = 5 and [pTsp]0 / [Cz]0 = 200 in 0.1 M NaClO4 / ACN were 
performed to estimate the values of capacitance at frequency range between 10 mHz 
to 100 kHz (Figure 4.68). At low frequency, the imaginary part of the impedance 
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sharply increases and plot tend to a vertical line characteristic of capacitive behavior. 
For P(Cz-co-pTsp) in the initial feed ratio of [pTsp]0 / [Cz]0 = 5; the influence of 
electrode porosity and also thickness indicating a shift the low frequency capacitive 
behavior along the real axis toward more resistive values. 
Nyquist plot of copolymer, P(Cz-co-pTsp), in the initial feed ratio of [pTsp]0 / [Cz]0 
= 200 (Fig.4.68d) indicated that the modified electrode gave better capacitance 
behavior especially at lower frequency (Csp=15.6 mF cm-2) than PCz (Csp=0.21 mF 
cm-2) and copolymer, in the initial feed ratio of [pTsp]0 / [Cz]0 = 5 (Csp=0.50 mF cm-
2) (Fig. 4.68c). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.69: Nyquist Plots of P(Cz-co-pTsp); in the Initial Feed Ratio of [pTsp]0 / 
[Cz]0=1, 5 and 10; in 0.1 M NaClO4 / ACN. Polymerization was Obtained at a Scan 
Rate of 100 mV s-1 by Applying 8 Cycles Between 0.0 and 1.4 V vs. Ag/Ag/Cl. 
EIS study of Nyquist graph of P(Cz-co-pTsp) in the initial feed ratio of [pTsp]0 / 
[Cz]0=1, 5 and 10 show that the specific capacitance of copolymer in the initial feed 
ratio of [pTsp]0 / [Cz]0= 5 (Csp=0.50 mF cm-2) is more than in the initial feed ratio of 
[pTsp]0 / [Cz]0= 1 (Csp=0.29 mF cm-2) and 10 (Csp=0.93 mF cm-2) (Fig.4.69). The 
double layer capacitance (Cdl=18.5 mF cm-2) and specific capacitance (Csp=15.6 mF 
cm-2) of P(Cz-co-pTsp) in the initial feed ratio of [pTsp]0 / [Cz]0=200 were obtained 
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than the initial feed ratio of [pTsp]0 / [Cz]0=0.5, 1, 2, 5, 10, 200 and PCz and 
uncoated CFMEs (Fig.4.70). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.70: Nyquist Plots of P(Cz-co-pTsp); in the Initial Feed Ratio of [pTsp]0 / 
[Cz]0= 0.5 and 200 in 0.1 M NaClO4 / ACN. Polymerization was Obtained at a Scan 
Rate of 100 mV s-1 by Applying 8 Cycles Between 0.0 and 1.4 V vs. Ag/Ag/Cl. 
Bode graph of magnitude vs. frequency plot gives double layer capacitance (Cdl) of 
uncoated CFME, PCz and copolymer in the initial feed ratios of [pTsp]0 / [Cz]0 = 5 
and 200 (Fig. 4.71). 
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Figure 4.71: Bode-Magnitude plots of a) P(Cz-co-pTsp); [pTsp]0 / [Cz]0=5; b) 
Uncoated CFME; c) [pTsp]0 / [Cz]0=200 and d) PCz in 0.1 M NaClO4 / ACN. 
Polymerization was Obtained by Applying 8 Cycles Between 0.0 and 1.4 V vs. 
Ag/Ag/Cl at a Scan Rate of 100 mV s-1. 
Cdl is calculated for uncoated CFME (0.40 mF cm-2) and modified polymer electrodes 
of PCz; (1.16 mF cm-2), P(Cz-co-pTsp); in the initial feed ratio of [pTsp]0 / [Cz]0 = 5, 
(0.54 mF cm-2), and in the initial feed ratio of [pTsp]0 / [Cz]0 = 200, (18.5 mF cm-2) 
in 0.1 M NaClO4/ACN. It is indicated that the surface area of P(Cz-co-pTsp) in the 
initial feed ratio of [pTsp]0 / [Cz]0 = 200 is greater than that of [pTsp]0 / [Cz]0 = 5 
(Figure 4.72).  
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Figure 4.72: Bode-Magnitude Plots of P(Cz-co-pTsp); in the Initial Feed Ratio of 
[pTsp]0 / [Cz]0= 1, 5, 10 and 200 in 0.1 M NaClO4 / ACN. Polymerization was 
Obtained at a Scan Rate of 100 mV s-1 by Applying 8 Cycles Between 0.0 and 1.4 V 
vs. Ag/Ag/Cl. 
In the Bode-phase plot of uncoated CFME, PCz and P(Cz-co-pTsp) in the initial feed 
ratios of [pTsp]0 / [Cz]0 = 5 and 200 in 0.1 M NaClO4 / ACN as given in Figure 4.73. 
The bode phase angle approaches a plateau (~77o) for P(Cz-co-pTsp) in the initial 
feed ratios of [pTsp]0 / [Cz]0 = 5. Phase angle also approaches a plateau (~69o) for 
P(Cz-co-pTsp) in the initial feed ratios of [pTsp]0 / [Cz]0 = 200 in the frequency at 
0.43 Hz, (~61o) for uncoated CFME and (~28o) for PCz. Phase transition capacitor to 
resistor and 100 Hz-100 kHz for copolymer in the initial feed ratio of [pTsp]0 / [Cz]0 
= 200, the capacitor shows resistor behavior since bode phase angle is very low. In 
the frequency range 1 kHz–100 kHz again, shows a transition from resistor to 
capacitor. At 100 kHz also gives capacitor behavior. 
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Figure 4.73: Bode-Phase Plots of a) PCz, b) Uncoated CFME; c) P(Cz-co-pTsp); 
[pTsp]0 / [Cz]0=200; d) [pTsp]0 / [Cz]0=5 in 0.1 M NaClO4 / ACN. Polymerization 
was Obtained at a Scan Rate of 100 mV s-1 by Applying 8 cycles Between 0.0 and 
1.4 V vs. Ag/Ag/Cl. 
The Bode plot of P(Cz-co-pTsp) in 0.1 M NaClO4 / ACN indicated that at frequency 
>100 Hz in the initial feed ratio of [pTsp]0 / [Cz]0 = 200, because of the prevailing 
influence of the electrolyte resistance, the behavior of the  capacitor is like that ideal 
resistor and Bode phase angle is very low. In the frequencies 1-100 Hz, the capacitor 
shows transition from resistor to capacitor. At frequencies < 1Hz, the Bode phase 
angle approaches a plateau, and this time scale, the electric signal reaches maximum 
penetration in the pores of the P(Cz-co-pTsp) electrode. Electronic conductivity of 
PCz is the most maximum value. P(Cz-co-pTsp) in the feed ratio of [pTsp]0 / [Cz]0 = 
200 was higher conductivity than compared to [pTsp]0 / [Cz]0 = 5 and uncoated 
CFME in 0.1 M NaClO4 / ACN since resistance in the frequencies 0.05 Hz-100 kHz 
is the lowest for the initial feed ratio of [pTsp]0 / [Cz]0 = 200. In the Bode-phase plot 
of P(Cz-co-pTsp) in the initial feed ratios of [pTsp]0 / [Cz]0 = 0.5, 1, 5, 10 and 200 in 
0.1 M NaClO4 / ACN as given in Figure 4.74. The maximum phase angle was 
obtained of P(Cz-co-pTsp) in the initial feed ratios of [pTsp]0 / [Cz]0 = 1, at 80.66 at 
frequency of 10 Hz. At lower frequencies, P(Cz-co-pTsp) in the initial feed ratios of 
[pTsp]0 / [Cz]0 = 5 is higher than in the initial feed ratios of [pTsp]0 / [Cz]0 = 0.5, 1, 
10 and 200. 
  126 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.74: Bode-Phase Plots of P(Cz-co-pTsp); in the Initial Feed Ratio of [pTsp]0 
/ [Cz]0=0.5, 1, 5, 10 and 200 in 0.1 M NaClO4 / ACN. Polymerization was Obtained 
at a Scan Rate of 100 mV s-1 by Applying 8 Cycles Between 0.0 and 1.4 V vs. 
Ag/Ag/Cl. 
 
 
 
 
 
 
 
 
Figure 4.75: Bode-Phase Plots of PCz in 0.1 M TEAP/ACN, TEAP/PC, LiClO4/PC, 
LiClO4/ ACN and P(NVCz) in 0.1 M NaClO4/ACN and TEAP/CH2Cl2. Scan Rate of 
100 mV s-1 by Applying 8 Cycles Between 0.0 and 1.4 V vs. Ag/Ag/Cl. [Cz]0=10-3 
M, [NVCz]0=10-3 M. 
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In the Bode-phase plot of PCz in 0.1 M NaClO4 / ACN as given in Figure 4.75.The 
maximum phase angle was obtained of P(NVCz) in 0.1. M NaClO4/ACN at 78o at 
frequency of 10 Hz compare to P(NVCz) in 0.1 M TEAP/CH2Cl2, PCz in 0.1 M 
TEAP/ACN and PC and LiClO4 / ACN and PC. At lower frequencies, PCz in 0.1 M 
TEAP/PC at around 700 is higher than in the P(NVCz) in 0.1 M TEAP/CH2Cl2 and 
NaClO4/ACN. 
Admittance is a vector quantity which is composed of two independent scalar 
phenomena: conductance and susceptance. Conductance, denoted G (in Siemens) 
(real part) is given by: 
G=1/R = I/E                                                                                                        (4.22.1)  
is a measure of the ease with which charge carriers can pass through a component of 
substance. The more easily the charge carriers move in response to a given applied 
electric potential, the higher the conductance, which is expressed in positive real-
number-siemens. 
Susceptance denoted B (imaginary part) is an expression of the ease with which 
alternating current (AC) passes through a capacitance or inductance. Susceptance is 
expressed in imaginary number siemens. It is observed for AC but not for DC. When 
AC passes through a component that contains susceptance, energy might be stored 
and released in the form of a magnetic field in which case the susceptance is 
inductive (denoted –jBL) or energy might be stored and released in the form of an 
electric field, in which case the susceptance is capacitive (denoted +jBc). 
Additionally, the admittance plot gives the similar results with bode-magnitude plots 
as shown in Figure 4.76. 
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Figure 4.76: Admittance Plots of a) Uncoated CFME; b) P(Cz-co-pTsp); [pTsp]0 / 
[Cz]0=5; c) [pTsp]0 / [Cz]0=200 in 0.1 M NaClO4 / ACN. Polymerization was 
Obtained at a Scan Rate of 100 mV s-1 by Applying 8 Cycles Between 0.0 and 1.4 V 
vs. Ag/Ag/Cl.
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Table 4.8: Electrical parameters of PCz in different solutions and P(Cz-co-pTsp) increasing of pTsp amount (1, 2, 5, 10, 200) in 0.1 M NaClO4 / 
ACN.(8 cycles, by the method of CV) (Area of CFME ~0.22 cm-2). IZI: Magnitude of impedance, Rp: Polarization resistance, Rs: Solution 
resistance. 
Sample Rs/Ohm Rp/Ohm Csp / mF 
Csp / 
mF cm-2 
IZI/Ohm Cdl / mF 
Cdl/Area 
/mF cm-2 
Phase Angle / 
Degree 
Г=1/2пf0 
from Nyquist/µS 
Uncoated CFME 
/NaClO4/ACN 175.5 131851.2 0.11 0.50 11435.5 0.09 0.40 82.35 1.1 
PCz NaClO4/ACN 2727.2 129696.9 0.04 0.21 5269.7 0.19 0.86 70.1 0.5 
PCz TEAP/ACN 238.3 99623.5 0.16 0.72 4532.1 0.20 1.16 75.3 2.0 
PCz TEAP/PC 273.9 54968.6 0.12 0.56 3307.8 0.30 1.37 76.9 1.2 
PCz LiClO4/PC 176.7 18674.2 0.49 2.22 1294.2 0.77 3.51 64.9 4.9 
PCz LiClO4/ACN 49.5 3907.2 1.49 6.80 273.4 3.65 16.0 68.7 1.4 
PCz NaClO4/DMF 125.4 14376.1 0.11 0.51 5179.7 0.19 0.87 81.2 1.1 
pTsp/Cz (1/1) 71.1 124654.8 0.06 0.29 107969.4 0.093 0.042 80.6 0.6 
pTsp/Cz (2/1) 13.1 1362.8 0.75 0.34 94.1 10.6 0.48 60.8 7.4 
pTsp/Cz (5/1) 320.1 87941.3 0.04 0.50 8460.7 0.12 0.54 76.8 0.4 
pTsp/Cz (10/1) 344.5 198532.6 0.24 0.93 24536.0 0.41 0.18 78.3 2.0 
pTsp/Cz (200/1) 27.0 2950.6 3.44 15.6 245.0 4.08 18.5 68.2 34.4 
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The double layer capacitance (Cdl) is attributed to charge accumulation at polymer 
solution interface; It had highest (16 mF cm-2) for PCz in 0.1 M LiClO4/ACN. The 
Rp values can be associated with redox processes within the polymeric film as shown 
in Table 4.8. Rp values are higher in PC and DMF than ACN, however, the lowest Rp 
values were obtained for PCz in 0.1 M LiClO4/ACN (3907.2 Ohm) that this solvent 
has the lowest dielectric constant (36.64 ε, as seen in Table 4.2)  and lowest viscosity 
(0.31 mm2 s-1, as seen in Table 4.3) among the solvents used. 
From the frequency (f0) corresponding to the maximum of the imaginary component 
(z’’) of the semicircle, the time constant Г of every electrode can be calculated using 
equation:  
Г=1/2пxf0(1)                                                                                                        (4.22.2) 
The values of Г obtained from Nyquist plots are 0.4 μs for P(Cz-co-pTsp) in the 
initial feed ratio of [pTsp]0/[Cz]0=5 and 0.6 μs for P(Cz-co-pTsp) in the initial feed 
ratio of [pTsp]0/[Cz]0=1. The lower Г value is preferred for electrochemical capacitor 
for fast charge/discharge processes [283]. 
 
 
 
 
 
 
 
Figure 4.77: Nyquist Plot of PCz in 0.1 M TEAP/ACN, TEAP/PC, LiClO4/PC and 
LiClO4/ACN. 
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Nyquist plot of PCz in 0.1 M TEAP/PC, TEAP/ACN, LiClO4/PC and LiClO4/ACN 
indicates that in TEAP electrolyte, specific capacitance of ACN (0.72 mF cm-2) is 
higher than PC (0.56 mF cm-2). However, double layer capacitance which is obtained 
from Bode-magnitude graph that in PC solvent (1.37 mF cm-2) is higher than ACN 
(1.16 mF cm-2). In conclusion, there is no exact difference between them for this 
solvent (tetraethyl ammonium tetrafluoroborate). However, in 0.1 M LiClO4 
electrolyte, both Csp (6.80 mF cm-2) and Cdl (16 mF cm-2) are higher in ACN than PC 
(Csp=2.22 mF cm-2) and Cdl=3.51 mF cm-2) (Figure 4.77). The results indicated the 
importance of the choice of solvent and electrolyte which are crucial to increase the 
capacitance of the thin polymer film coated on CFMEs.  
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Table 4.9: Electrical Parameters of P(NVCz) in 0.1 M different electrolytes (NaClO4, LiClO4 and TEABF4) in the solvent of ACN by different 
methods (CV, Chronoamperometry and Chronopotentiometry). IZI: Magnitude of impedance, Rp: Polarization resistance, Rs: Solution resistance. 
Samples  in 0.1 M 
Electrolytes in ACN 
Rs/Ohm Rp/Ohm Csp / mF 
Csp / 
mF cm-2 
IZI/Ohm Cdl / mF 
Cdl / Area 
/ mF cm-2 
Phase Angle / 
Degree 
Г=1/2пf0/µS 
Methods /  
in NaClO4 
CV 257.2 196264.2 0.08 0.37 74278.9 0.013 0.061 81.2 0.8 
Chronoamper. 128.2 28221.2 1.12 0.51 14166.4 0.07 0.32 75.0 11.2 
Chronopoten. 212.3 9631.2 1.50 6.8 3502 0.28 1.29            47.0 15.0 
Methods / 
in LiClO4 
CV 168.8 11757.9 0.57 2.60 64.6 15.4 70.3 68.1 
5.7 
Chronoamper. 75.2 7873.3 1.56 7.13 1346.2 0.74 3.37 41.2 15.6 
Chronopotent. 137.8 22984.6 0.69 3.13 5057.4 0.19 0.89 41.2 6.9 
Methods / 
in TEABF4 
CV 2165.7 1243367.6 0.03 0.12 80915.2 0.012 0.056 85.5 
0.2 
Chronoamper. 709.2 591001.5 0.15 0.68 42701.6 0.23 1.06 83.0 1.5 
Chronopotent. 134.5 23288.6 0.96 4.36 2346.2 0.43 1.93 52.0 9.6 
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Electrical parameters of P(NVCz) in 0.1 M different electrolytes (NaClO4, LiClO4 
and TEABF4) in the solvent of ACN by different methods (CV, chronoamperometry 
and chronopotentiometry) was shown in Table 4.9. The most maximum double layer 
capacitance was obtain by CV method in 0.1 M LiClO4/ACN (Cdl=70.3 mF cm-2). 
Specific capacitance is also obtained by chronoamperometric method in the same 
solution (Csp=7.13 mF cm-2). As in parallel to this information, Rp value is the lowest 
one by chronoamperometric method in 0.1 M LiClO4/ACN (Rp=7873.3 Ohm). 
Figure 4.78: Polymerization Charge (Q, obtained from CV), Csp and Cdl 
Relationships. 
The specific and double layer capacitance increase from PCz in 0.1 M NaClO4/DMF 
to PCz in 0.1 M LiClO4/ACN with the polymerization charge of PCz film, as shown 
in Figure 4.78. Since capacitance of the electrode increases with the surface area of 
the electrode this is also related with polymerization charge. 
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Figure 4.79: Current Density (from CV) vs Polarization Resistance (Rp, from 
Nyquist plot) Relationship of PCz. [Cz]0=10-3 M. 
Inverse relationship between current density and polymerization resistance, Rp was 
obtained, and decrease in conjugation (decrease in current density of peak in 
electrocoated polymer film from CV measurements) results an increase in 
polymerization resistance (Figure 4.79). 
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Figure 4.80: The Relationship with Specific Capacitance (from Nyquist plot) and 
Corrected Height Absorbance Peak of Sulfonyl (S=O, from FTIR-ATR) by 
Increasing of Percent of pTsp in P(Cz-co-pTsp). 
The relationship with specific capacitance (from Nyquist plot) and corrected height 
absorbance peak of sulfonyl (S=O, from FTIR-ATR) by increasing of percent of 
pTsp in P(Cz-co-pTsp) graph shows that pTsp % increases by corrected height 
absorbance (S=O peak, from FTIR-ATR). Thus, pTsp incorporates to 
copolymerization and also raises the specific capacitance of thin polymer film 
(Figure 4.80). 
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Figure 4.81: The Relationship with Double layer Capacitance (from Bode-
Magnitude Plot) and Δ Transmittance of Dopant ion at 1059 cm-1 (from FTIR-ATR) 
by Increasing of Percent of pTsp in P(Cz-co-pTsp). 
The relationship with double layer capacitance (from Bode-Magnitude plot) and 
difference percent transmittance of dopant ion at 1059 cm-1 (from FTIR-ATR) by 
increasing of percent of pTsp in P(Cz-co-pTsp) shows in direct proportional in 
Figure 4.81. Dopant peak at 1059 cm-1 is examined by the difference percent of 
transmittance increases by double layer capacitance as shown in Figure 4.81. The 
maximum Cdl was obtained for P(Cz-co-pTsp) in the initial feed ratio of 
[pTsp]0/[Cz]0=200. 
4.12.1. Electrical Equivalent Circuit (Model 1) 
The electrochemical parameters of the CFME / PCz, P(NVCz), and P(Cz-co-pTsp) / 
Electrolyte systems were evaluated by employing the ZSimpWin (version 3.10) 
software from Princeton Applied Research. We observed excellent agreement 
between experimental results and the parameters obtained from the best fitting 
electrical equivalent circuit model, if the chi-squared (χ2) minimized 10-4. χ2 is the 
function defined as the sum of the squares of the residuals.  
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Two electrical equivalent circuits were used in simulation of the impedance 
behaviour of the film from the experimentally obtained impedance data. First model 
(Figure 4.82) was built using series components; the first one is the bulk solution 
resistance of the polymer and the electrolyte, Rs, second one the parallel combination 
of the double layer capacitance, Cdl, and R1 is the resistance of the electrolyte. A 
series connection to R1 made up using, constant phase element (CPE) in parallel with 
R2 and W, R2 is the charge transfer, and W is the Warburg impedance of the 
polymer. The last component a capacitor element (CCF) is introduced in parallel with 
a charge transfer resistor (RCF) corresponding to the carbon fiber microelectrode of 
polymer coating. Simulation results are given in Table 4.10 and 4.11 show that this 
electrical equivalent circuit was successfully applied to the experimental data to 
explain the interface between the carbon fiber microelectrode, the polymer film and 
electrolyte in this potential region. 
 
  
 
 
Figure 4.82: Equivalent Electrical Circuit (Model 1, (R(C(R(Q(RW))))(CR)) Used 
in Simulation. 
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Table 4.10: PCz, and P(NVCz), which is Coated by CV, Chronoamperometry and 
Chronopotentiometry dependence of the Parameters Calculated from the Model 1 
which is given Fig. 4.55. (1 mM Monomers Deposited by Electrochemically at 100 
mV s-1, 8th cycle in 0.1 M NaClO4 / ACN Solution). 
 
 PCz P(NVCz) by CV. 
P(NVCz) by 
Chronoamp. 
P(NVCz) by 
Chronopot. 
Rs / Ohm 73.19 235.5 89.16 189.6 
Cdl / μF 20.4 1.16 4.20 0.17 
R1 / Ohm 4.39 654.7 258.7 91.58 
Q / Yo/ S 
s-n 1.61x10
-3 1.03x 10-6 1.01x10-5 5.67x10-5 
n 0.69 0.76 0.61 0.64 
R2 / Ohm 3166 1.94x105 2.79x104 9191 
W / Yo/ S 
s-n 3.42x10
9 4.61x 10-6 9.05x10-5 4.71x10-4 
CCF / μF 2.8x10-7 0.27 5.72 197 
RCF / Ohm 1.32x104 63.47 19.89 2.98x104 
Chi 
Squared 
(χ2) 
3.96x 10-4 5.97x10-4 2.41x10-4 1.04x10-4 
 
Table 4.11: P(Cz-co-pTsp), Dependence of the Parameters Calculated from the 
Model 1 which is given Fig. 4.55. (1 mM Cz Monomer kept constant and pTsp 
Monomer Concentration Increases from 1, 5, 10, 100, and 200 mM, Deposited by 
CV at 100 mV s-1, 8th cycle in 0.1 M NaClO4 / ACN Solution). 
 pTsp/Cz=1 pTsp/Cz=5 pTsp/Cz=10 pTsp/Cz=100 pTsp/Cz=200 
Rs / Ohm 210.2 63.47 104.80 103.60 13.12 
Cdl / μF 0.43 3.58 0.65 1.07 9.35 
R1 / Ohm 73.27 560.60 37.38 10.55 6.39 
Q / Yo/ S 
s-n 1.03x10
-6 2.54x10-5 8.10x 10-6 3.69x10-6 9.32x10-4 
n 0.89 0.82 0.87 0.96 0.86 
R2 / Ohm 2.43x105 8.81x1010 5.02x104 41.73 1.31x104 
W / Yo/ S 
s-n 1.61x10
-6 9.99x10-21 8.25x 10-5 4.61x10-6 7.73x105 
CCF / μF 0.082 0.83 23.9 24.5 0.38 
RCF / Ohm 17.95 64.45 1.05x105 11.09 9.44 
Chi 
Squared 
(χ2) 
7.73x10-5 5.60x10-4 7.55x10-4 2.02x10-4 1.46x10-4 
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The experimental results obtained from Bode-Magnitude plot, calculating the double 
layer capacitance (Cdl) and equivalent electrical circuits for Model 1, (approximately 
90 circuits is used in ZSimpWin (version 3.10) to find the optimum circuit 
conditions)  were compared. For PCz, Cdl is the more bigger values (0.86 mF cm-2 
from experiments and 20.4 μF from used circuit) than P(NVCz)  by CV method 
(0.061 mF cm-2 from experiments and 1.16 μF from used circuit), by 
chronoamperometric method (0.32 mF cm-2 from experiments and 4.20 μF from used 
circuit) and by chronopotentiometric method (1.29 mF cm-2 from experiments and 
0.17 μF from used circuit). Additionally, for P(Cz-co-pTsp) in the initial feed ratio of 
[pTsp]0/[Cz]0=200 (18.5 mF cm-2 from experiments and 9.35 μF from used circuit) in 
0.1 M NaClO4 / ACN was the bigger double layer capacitance values than in the 
initial feed ratio of [pTsp]0/[Cz]0=1, (0.042 mF cm-2 from experiments and 0.43 μF 
from used circuit), in the initial feed ratio of [pTsp]0/[Cz]0= 5 (0.48 mF cm-2 from 
experiments and 3.58 μF from used circuit), in the initial feed ratio of 
[pTsp]0/[Cz]0=10 (0.54 mF cm-2 from experiments and 0.65 μF from used circuit) 
and in the initial feed ratio of [pTsp]0/[Cz]0=100 (18.5 mF cm-2 from experiments 
and 9.35 μF from used circuit). 
Equivalent electrical circuit (Model 2, see Figure B.18) was constructed without the 
last component a capacitor element (CCF) and charge transfer resistor (RCF). 
Numerical results of the Model 2 are shown in Table A.1. 
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4.13. Sensor Behavior of Modified CFMEs 
4.13.1. Modified P(NVCz) microelectrode responses to dopamine by 
potentiodynamic, potentiostatic and galvanostatic methods 
Half wave potentials (E1/2) are determined for the modified electrocoated CFMEs. 
All polymer electrodes show quasi-reversible behaviour against dopamine. In 
potantiodynamic method, (E1/2) is higher response at dopamine (0.137 V) for 1st day 
than for 23rd day (0.150 V) and for 38.day (0.226 V) in 0.1 M TEABF4 / ACN onto 
CFME. The stability of the response of the electrodes is shown in Fig. 4.83 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.83: CV of P(NVCz) Electrocoated by Potentiodynamically on CFME with 
3 cycles in the Presence of 10-6 M Dopamine at pH 7 Buffer Solution. [NVCz]0=10-
3M, Scan Rate: 500 mVs-1, in 0.1 M TEABF4 / ACN. a) 1st day, b) 23th day, c) 38th 
day. 
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Figure 4.84: CV Changes in Anodic Peak Current Density with Time (days) by 
Potentiodynamic Method, in 0.1 M TEABF4 / ACN for CFMEs in 10-6 mol L-1 
Dopamine-Containing Buffer Solution (pH 7)(Long Term-Stability Test). 
The current density decreases over a period of 23 day to 53.43 % of the original 
response. After this decrease, the response measured potentiodynamically remained 
stable for 23 days (Figure 4.84. However, long term stability test was recorded of 
P(NVCz) by potentiostatic method in 0.1 M LiClO4 / PC as given in Figure 4.83 
Current density decreases 12.5 % in 14 days (from 80 to 70 µA cm-2). After 14th days 
to 21st days, percent loss of current density was recorded so sharply (94.9 %) that the 
current density decreases from 70 to 3.56 µA cm-2 (Figure 4.85). 
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Figure 4.85: CV Changes in Anodic Peak Current Density with Time (Days) by 
Potentiostatic Method (1.2 V), in 0.1 M LiClO4 / PC for CFMEs in 10-6 mol L-1 
Dopamine-Containing Buffer Solution (pH 7) (Long Term-Stability Test). 
The anodic peak current density (ia / μA cm-2) were calculated in Table 4.12. In 
chronoamperometric method, ia was 46.8 μA cm-2 for the electrode prepared in 0.1 M 
NaClO4/ACN and 29.3 in 0.1 M LiClO4/ACN solutions. However, in 
chronopotentiometric method, it is 33.2 in 0.1 M LiClO4/ACN and 85.4 in 
TEABF4/ACN. During the electrocoating of homopolymers, they should be oxidized, 
and these sites of coated homopolymer could be doped with negative anion of 
supporting electrolyte namely perchlorate ion. Electron transfer reactions occur 
between these sites and dopamine causing reversible behaviour.  
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Table 4.12: The Redox Parameters of P(NVCz) Microelectrodes which is Coated by 
three Different Methods (CV, Chronoamperometry and Chronopotentiometry) for 
Sensing Dopamine was Assessed by Recording the CV Response in Different 
Electrolytes in Acetonitrile. 
Methods by Electrolytes 
in ACN 
Ea / V Ec / V ΔE / V ia  / μA 
cm-2 
LiClO4 0.14 0.039 0.10 94.9 
CV 
TEABF4 0.28 -0.002 0.30 66.2 
NaClO4 0.32 0.12 0.20 46.8 
LiClO4 0.28 0.14 0.14 29.3 Chronoamperometry 
TEABF4 0.33 0.0095 0.32 67.7 
LiClO4 0.17 0.04 0.13 33.2 
Chronopotentiometry 
TEABF4 0.24 0.039 0.20 85.4 
In conclusion, the anodic peak current densities (ia / μA cm-2) after electrocoated by 
three different methods were compared in dopamine solution by CV as shown in 
Figure 4.86 The maximum anodic peak current density of the electrochemically 
coated P(NVCz) electrode in dopamine solution in 0.1 M LiClO4/ACN solution was 
obtained by CV method (ia: 94.9 μA cm-2). The ia value is 33.2 by 
chronopotentiometric method, whereas by chronoamperometric method (29.3 μA cm-
2). 
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Figure 4.86: Current Density vs. Applied Methods which is Prepared in 0.1 M 
LiClO4/ACN were Obtained by Modified NVCz by CV Measurements in Dopamine 
Solution. 
4.13.1.1. Detection limits investigation of P(NVCz) 
Sensors displaying a good response to different dopamine concentrations with 
detection limit of 0.01 nM (3S/N) by CV and chronoamperometry and 1 μΜ (3S/N) 
by chronopotentiometry in 0.1 M NaClO4/ACN (Figure 4.87. However, detection 
limits of 10 nM (3S/N) by chronoamperometry, 1 nM (3S/N) by CV, and 0.01 nM 
(3S/N) by chronopotentiometry in 0.1 M LiClO4/ACN solution (Figure 4.88. In 
TEABF4/ACN medium, detection limits of P(NVCz) were obtained as 10 nM (3S/N) 
by CV and chronoamperometry and 0.01 nM (3S/N) by chronopotentiometric 
methods (Figure 4.89. 
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Figure 4.87: Sensors Response to Different Dopamine Concentrations by CV 
Method (Modified P(NVCz) by CV Method), in 0.1 M NaClO4 / ACN. [NVCz]0=10-
3 M. 
 
 
 
 
 
Figure 4.88: Sensors Response to Different Dopamine Concentrations by CV 
Method (Modified P(NVCz) by Chronoamperometry Method) in 0.1 M LiClO4 / 
ACN. [NVCz]0=10-3 M. 
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Figure 4.89: Sensors Response to Different Dopamine Concentrations by CV 
Method (Modified P(NVCz) by Chronopotentiometry Method) in 0.1 M TEABF4 / 
ACN. [NVCz]0=10-3 M. 
4.13.2. Electrochemical response to dopamine (P(Cz-co-pTsp)) 
The electrochemical response of dopamine (DA) was poor, with the current densities 
of 0.95 mA cm-2 at 0.48 V, for PCz (Fig.4.90 smaller than for the copolymer with the 
initial feed ratio of [pTsp]0 / [Cz]0 = 5, 2.67 mA cm-2 at 0.44 V on CFME (Figure 
4.90b).  
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Figure 4.90: CV of PCz and P(Cz-co-pTsp) Coated on CFME, 8 Cycles in the 
Presence of 10-3 M Dopamine at pH 7 Buffer Solution. [Cz]0=10-3 M, [pTsp]0=5.10-3 
M. Scan Rate: 500 mV s-1, a) PCz; b) P(Cz-co- pTsp), in 0.1 M NaClO4 / ACN, (Pot. 
Range= -1.0 V to +0.75 and +1.00 V). 
The electrode process was irreversible with ΔEP, the difference between the anodic 
peak potential (ΔEPa) and the cathodic peak potential (ΔEPc), 0.67 V. However, P(Cz-
co-pTsp) modified CFME in the initial feed ratio of [pTsp]0 / [Cz]0 = 5, a couple of 
well-shaped redox peaks with  ΔEp = 0.426 V and 0.200 V were obtained. The above 
results revealed that the P(Cz-co-pTsp) film exerted an electro-catalytic effect on 
DA. When the initial potential was taken from-1.0 V to +0.75 V for copolymer, one 
oxidation peak (0.48 V) and one reduction peak (-0.19 V) were observed for PCz. 
However, there were two couples of redox peaks for P(Cz-co-pTsp), which are 
shown in Figure 4.90b.  
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Figure 4.91: Oxidation of Dopamine Mechanism. 
The oxidation peaks were observed firstly at (-0.15 V) and secondly at (0.44 V), and 
the reduction peaks also observed firstly at (0.014 V) and secondly at (-0.35 V). The 
reasons are as follows in Figure 4.91: dopamine (A) is easily oxidized to 
dopaminequinone (B) [284, 285]. The reversible cycles was observed by CV for 
P(Cz-co-pTsp) in the feed ratio of [pTsp]0 / [Cz]0 = 200, ΔEP = 0.58 V (Fig.4.92).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.92: CV of P(Cz-co-pTsp) Coated on CFME, 4 Cycles in the Presence of 10-
3 M Dopamine at pH 7 Buffer Solution. [Cz]0=10-3 M, [pTsp]0=0.2 M, Scan Rate: 
1000 mV s-1, 1th day, in 0.1 M NaClO4 / ACN. 
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Figure 4.93: CV of Uncoated CFME and PCz Coated on CFME, 4 Cycles in the 
Presence of 10-3 M Dopamine at pH 7 Buffer Solutions. [Cz]0=10-3 M, Scan Rate: 
1000 mV s-1, in 0.1 M NaClO4 / ACN. 
Cyclic voltammetry of uncoated CFME and PCz coated on CFME in 10-3 M 
dopamine solution was examined in Figure 4.93. Current density of PCz is higher 30 
times than uncoated CFME. 
The maximum anodic current density was obtained as 270.79 mA cm-2 for PCz 
(Figure 4.94). By increasing of pTsp monomer in the copolymer ([pTsp]0 / [Cz]0 = 
50), the anodic current density decreases sharply (58.24 mA cm-2). pTsp / Cz 
monomer ratio also increases from 50 to 400 show that there is no important change 
of anodic current density value. 
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Figure 4.94: The Anodic Peak Current Density vs. Increasing Initial Feed Ratio of 
[pTsp]0/[Cz]0 was Obtained in Dopamine Solution from CV. 
4.13.3. Determination of concentration of dopamine by CV 
The determination of DA concentration for P(Cz-co-pTsp) modified CFME was 
performed by CV. The oxidation peak current density of dopamine was chosen as the 
analytical signal. The results showed that anodic peak current density was 
proportional to concentration intervals of DA, from 10-6 M to 10-3 M as shown in 
Figure 4.95.  
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Figure 4.95: Changes in Anodic Peak Current Density by Dopamine Concentration 
for Modified CFMEs in 10-6 M to 10-3 M Dopamine-Containing Buffer Solution pH 
7. [Cz]0=10-3 M, [pTsp]0=0.2 M, Scan Rate: 500 mV s-1, in 0.1 M NaClO4 / ACN. 
The linear equation of the former was iPa (mA cm-2) = 4.233 + 0.514 x C (M), with a 
correlation coefficient of R = 0.99883. The difference between anodic and cathodic 
peak current density ratios (ia / ic) have been calculated and plotted against time, as 
shown in Figure 4.96.  
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Figure 4.96: Changes in Anodic and Cathodic Peak Current Density Ratios (ia / ic) 
by Time for CFMEs in 10-3 M Dopamine-Containing Buffer Solution (pH 7). 
[Cz]0=10-3 M, [pTsp]0=0.2 M, Scan Rate: 500 mVs-1, in 0.1 M NaClO4 / ACN. 
Although at the beginning, the electrode behaved irreversibly, it becomes stable and 
reversible in time, which might be due to the permeation of dopamine into the 
polymer layer, as suggested in the literature [286]. The stability of the polymer 
coated CFMEs tested against dopamine for 26 days, that day; copolymer did not give 
response to dopamine in Table 4.13.  
Table 4.13: Half Wave Potentials vs. Initial Feed Ratios of P(Cz-co-pTsp) Modified 
CFMEs by Time, [DA]0=10-3 M. 
 
 
 
Half wave potentials (E1/2 / V) 
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    [pTsp]0/[Cz]0  
Days 
 
1st 
 
2nd 
 
4th  
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26th 
5  0.22 0.17 0.16 0.16 0.16  0.12 0.12 
100  0.20 0.18 0.17 0.16 0.16 0.16 0.16 
200  0.17 0.12 0.08 0.08 0.06 0.05 - 
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The effect of scan rate on the anodic and cathodic current density ratio of dopamine 
was investigated as shown in Figure 4.97. The results indicated that ia / ic was 
inversely proportional to the scan rate in the initial feed ratio of [pTsp]0 / [Cz]0 = 100. 
Anodic current density was equal to cathodic current density (ia / ic = 1) at 500 mV s-
1. Therefore, ia / ic was controlled by the mass diffusion, showing a diffusion-
controlled process in the solution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.97: The Anodic and Cathodic Peak Current Density Ratios (ia / ic) by Scan 
Rate on CFMEs in 10-3 M Dopamine-Containing Buffer Solution (pH 7). [Cz]0=10-3 
M, [pTsp]0=0.1 M, in 0.1 M NaClO4 / ACN. 
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Figure 4.98: Current Density vs. Square Root of Scan Rate of P(Cz-co-pTsp) in the 
Initial Feed Ratio of [pTsp]0/[Cz]0=100 in 10-3 M Dopamine-Containing Buffer 
Solution (pH=7) in 0.1 M LiClO4/ACN. [Cz]0=10-3 M, [pTsp]0=0.1 M. 
The current density is linearly proportional to voltage, and scan rate indicating all 
electroactive sites are electrode supported. The peak current (ip) for a reversible 
voltammogram at 250C is given by the following equation: 
ip=(2.69x105).A.D1/2.co.ν1/2                                                                                 (4.23.1) 
Where ν is the scan rate, A is the electrode area, D is the diffusion coefficient of 
electroactive species, co is the concentration of electroactive species in solution. Peak 
current is proportional to ν1/2 in the range of scan rates where diffusion control 
applies [287]. This demonstrates that both the electrochemical process are diffusion 
controlled and formed a thin film (dependence on ν might also be an indication for 
thin film formation. This shows that the electrochemical processes are extremely 
reversible even at high scan rates (Fig.4.98). 
 
15 20 25 30 35 40 45
-25000
-20000
-15000
-10000
-5000
0
5000
10000
15000
20000
 Anodic(R:0.99888)
 Cathodic (R:0.99833)
C
ur
re
nt
 d
en
si
ty
 / 
μA
 c
m
-2
[Scan rate / mV s-1]1/2
 
  155 
 
4.13.4. Dopamine detection by Needle-type disc electrode 
The development of progressively increasing waves and the increase of the current 
with every cycle observed in Figure 4.99, indicates the formation of the electroactive 
polymer film on the surface of the single carbon fiber. An increase in the number of 
cycles was reflected in the formation of a thicker film over the carbon fiber surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.99: Electrochemical Polymer Growth on Carbon Fiber Microelectrode in 1 
mM Cz in 0.1 M LiClO4/ACN. Scan Rate of 100 mV s-1, 8 Cycles. Inset: Cyclic 
Voltammogram of an Uncoated Carbon Fiber Microelectrode in a 5.0 mM Ru+3 in 
0,1 mM KCl Solution. 
To evaluate the polymer modified CFME at different concentrations of a dopamine, 
stock solution were added to a 0.1 M phosphate buffer solution and the amperometric 
response of the modified PCz and P(Cz-co-pTsp) CFE was recorded for an applied 
potential of 650 mV vs. Ag/AgCl. Fresh dopamine solutions were prepared for each 
experiment. Results obtained with uncoated and modified carbon fiber electrodes are 
presented in Figure 4.100. 
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Figure 4.100: Amperometric Response of the Unmodified Carbon Fiber 
Microelectrodes to Different Dopamine Concentrations. The Sensor Displayed a 
Linear Range up to 220 µM for the Unmodified Microelectrodes (insets). 
 
 
 
 
 
 
 
 
 
 
Figure 4.101: Amperometric Response of the Cz Modified Carbon Fiber 
Microelectrodes to Different Dopamine Concentrations. The Sensor Displayed a 
Linear Range up to 130 µM Dopamine Concentration for the Cz Modified 
Microelectrodes (insets). 
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Figure 4.102: Amperometric Response of the P(Cz-co-pTsp) Carbon Fiber 
Microelectrodes to Different Dopamine Concentrations. The Sensor Displayed a 
Linear Range up to 130 µM Dopamine Concentration for the P(Cz-co-pTsp) 
Modified Microelectrodes (insets). 
A linear response is observed up to a concentration of 130 µM dopamine for the 
modified CF. A higher current response was obtained for the Cz (Fig.4.101) and 
P(Cz-co-pTsp) (Fig.4.102) modified CF in comparison with the current obtained for 
the uncoated CF. These results suggest that the dopamine binds to the polymer films 
and therefore increases the sensitivity of the modified CF as shown in at the same 
Figure 4.103. 
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Figure 4.103: Amperometric Response of the Uncoated CFME, PCz and P(Cz-co-
pTsp) in the Initial Feed Ratio of [pTsp]0/[Cz]0=100 Carbon Fiber Microelectrodes to 
Different Dopamine Concentrations. 
A detection limit of 0.27 μM (3S/N) and a sensitivity of 2.5 nA/μM in the case of the 
Cz modified CFE and a detection limit of 0.5 µM (3S/N) and a sensitivity of 0.05 
nA/µM in the case of the P(Cz-co-pTsp) modified CFE for dopamine were obtained.  
4.13.5. Ascorbic acid interference 
Measuring dopamine in the human body is a complicated task in the presence of 
other electroactive endogenous compounds such as ascorbic acid [288]. Ascorbic 
acid is a prominent interference present in biological fluids at high concentrations 
(100-500 μM).When present in biological samples; ascorbic acid can interfere with 
the measurement of biochemical parameters leading to an inexact result [289]. 
Electro-oxidation of dopamine and ascorbic acid at bare electrodes requires high 
potentials. Additionally dopamine and ascorbic acid are oxidized at similar potentials 
at bare electrodes [290].  
DPV is a technique frequently used for the sensitive detection of dopamine [291-
293]. The voltammetric determination of dopamine in the presence of different 
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ascorbic acid concentrations was performed by DPV experiments. Figure 4.104 
shows DPVs for five successive additions of 100 µM ascorbic acid followed by the 
addition of 44 µM dopamine. The presence of the polymers on the carbon fiber 
suppresses the ascorbic acid signal while enhancing the dopamine signal. This 
behavior can be explained by the presence of dopamine at the films and the rejection 
of the ascorbic acid compound due to different electrostatic charges between the 
polymer and the anionic ascorbic acid in 0.1 M phosphate buffer pH 7.4. At this pH 
value dopamine is present in a cationic state while ascorbic acid is present in an 
anionic state. 
 
 
 
 
 
 
 
 
Figure 4.104: DPV Response for five Additions of 100 µM Ascorbic Acid (1-5), and 
Addition of 44 µM Dopamine (6) at PCz in 0.1 M LiClO4 / ACN Modified Carbon 
Fiber Microelectrode. 
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The presence of the polymer on the carbon fiber electrode suppresses the current 
signal corresponding to the redox current of the ascorbic acid at the electrode surface 
while it allows the oxidation of dopamine. The prepared sensor exhibits effective 
ascorbic acid exclusion properties with a corresponding selectivity for dopamine. 
This result enabled the use of the PCz (Fig.4.105) and P(Cz-co-pTsp) (Fig.4.106) 
modified carbon fiber microelectrodes for the determination of dopamine in the 
presence of ascorbic acid at physiological concentrations (100-500 μM).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.105: DPV Response for One Addition of 100 µM Ascorbic Acid, and 
Repetitive Addition of 44 µM Dopamine at PCz in 0.1 M LiClO4 / ACN Modified 
Carbon Fiber Microelectrode. 
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Figure 4.106: DPV Response for One Addition of 100 µM Ascorbic Acid, and 
Repetitive Addition of 44 µM Dopamine at P(Cz-co-pTsp) in the Initial Feed Ratio 
of [pTsp]0/[Cz]0=100, in 0.1 M LiClO4 / ACN Modified Carbon Fiber 
Microelectrode. 
4.13.6. Stability of PCz on Needle type disk electrode 
To check the stability of the PCz modified carbon fiber microelectrode a series of 20 
repetitive DPV measurements for 44 µM dopamine in 0.1 M phosphate buffer were 
made. The stability of the response of the modified electrodes is shown in Figure 
4.107. The sensor exhibits a reproducible behaviour with a standard deviation of 
±1.15e-9 A at room temperature. 
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Figure 4.107: DPV for 20 Repetitive Measurements of 44 µM Dopamine in 0.1 M 
Phosphate Buffer pH 7.4. 
4.13.7 Differential Pulse Voltammetric study of PCz, P(NVCz) and P(Cz-co-
pTsp) on carbon button microelectrodes. 
PCz, P(NVCz), and P(Cz-co-pTsp) in the initial feed ratio of [pTsp]0/[Cz]0=100 were 
studied by DPV in order to differentiate the ascorbic acid and dopamine addition of 
modified polymers in 0.1 M NaClO4/ACN on carbon button microelectrodes 
(diameter~ 7 μm). Electrochemical deposition of PCz was achieved on the surface of 
carbon button microelectrodes (ΔQ = 92.23 μC) (Figure 4.108). 
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Figure 4.108: CV of PCz in 0.1 M NaClO4/ACN on Carbon Button Microelectrode 
(Diameter~ 7 μm). [Cz]0=10-3 M, ΔQ = 92.23 μC. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.109: DPV Response for One Addition of 100 mM Ascorbic Acid, and 
Addition of 1 mM Dopamine at PCz in 0.1 M NaClO4/ACN on Carbon Button 
Microelectrode. [Cz]0=10-3 M, ΔQ = 92.23 μC. 
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DPV response for one addition of 100 mM ascorbic acid, and addition of 1 mM 
dopamine was given for PCz in 0.1 M NaClO4/ACN on carbon button 
microelectrode (Fig.4.109). DPV methods of PCz gives that current is at the bottom 
in buffer solution of pH =7.4 (1.0 nA) by addition of 100 mM ascorbic acid 
(4.79x10-8A at 0.32 V) and by addition of 1 mM dopamine (65.00 nA, at 0.54 V). 
Comparison of carbon button microelectrode (65.00 nA at 0.54 V) and needle type 
carbon fiber microelectrode (44.60 nA, at 0.13 V) for one addition of 100 µM 
ascorbic acid, and repetitive addition of 44 µM dopamine in 0.1 M LiClO4 / ACN 
show that there is approximate current value but different peak value. NVCz was 
coated by CV method in 0.1 M NaClO4/ACN on carbon button microelectrode (ΔQ 
= 40 μC). DPV of P(NVCz) gives current is at the bottom in buffer solution of pH 
=7.4 (1.29 nA) by addition of 100 mM ascorbic acid (14.80 nA at 0.26 V) and by 
addition of 1 mM dopamine (22.00 nA, at 0.27 V) (Fig.4.110). 
 
 
 
 
 
 
 
 
 
 
Figure 4.110: DPV Response for One Addition of 100 mM Ascorbic Acid, and 
Addition of 1 mM Dopamine at P(NVCz) in 0.1 M NaClO4/ACN on Carbon Button 
Microelectrode. [NVCz]0=10-3 M, ΔQ = 40 μC. 
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Figure 4.111: DPV Response for One Addition of 100 mM Ascorbic Acid, and 
Addition of 1 mM Dopamine at PCz-co-pTsp) in the Initial Feed Ratio of 
[pTsp]0/[Cz]0=100 in 0.1 M NaClO4/ACN on Carbon Button Microelectrode. 
[Cz]0=10-3 M, [pTsp]0=0.1 M ΔQ = 453.4 μC. 
P(Cz-co-pTsp) in the initial feed ratio of [pTsp]0/[Cz]0=100 was coated in 0.1 M 
NaClO4/ACN on carbon button microelectrode (ΔQ = 453.4 μC). DPV study was 
performed at 0.3 V, by adding a buffer solution of pH =7.4 (31.30 nA) of 100 mM 
ascorbic acid (37.60 nA) and of 1 mM dopamine (69.30 nA) (Fig.4.111). 
Comparison of carbon button microelectrode (69.30 nA at 0.3 V) in 0.1 M 
NaClO4/ACN and needle type carbon fiber microelectrode (71.50 nA, at 0.11 V) 
after one addition of 100 µM ascorbic acid, and repetitive additions of 44 µM 
dopamine in 0.1 M LiClO4 / ACN show that there is near current value but different 
peak value. DPV experiments show that P(Cz-co-pTsp) has the highest current 
(69.30 nA) compare to PCz (65.00 nA) and P(NVCz) (22.00 nA) in 0.1 M 
NaClO4/ACN on carbon button microelectrode. This result is in parallel line with 
needle type carbon fiber microelectrode for PCz (44.60 nA) and for P(Cz-co-pTsp) 
(71.50 nA). 
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5. CONCLUSION 
Electrochemical polymerization is preferable if the polymeric product is intended to 
be used as polymer film electrode, thin layer sensor, in micro technology etc. 
Electropolymerization basically involves an electro generated cation radical as 
reactive species. Polymer electrodes showed capacitance behaviour that leads to 
different concentrations and methods (CV, chronoamperometry, and 
chronopotentiometry) applications for electrochemical capacitors. It is clear that all 
structural factor which affect this process are of crucial importance for propagation 
of polymerization and hence for the structure and properties of the resulting 
conducting polymers. The inductive / or mesomeric electronic effects of substituents 
directly connected to the monomer reactivity of corresponding cation radical and 
hence efficiency of polymerization reaction. Electro withdrawing groups can 
increase the oxidation potential up to values which are incompatible with the limit of 
stability of solvents and electrolytes used in electrochemistry. In contrast electron 
donating groups tend to stabilize the cation radical and hence decrease the reactivity. 
Furthermore, even when electronically disconnected from monomer, easily 
oxidizable groups interfere with the polymerization process by scavenging the cation 
radicals. The electropolymerization of carbazole was studied in different anhydrous 
organic solvents and supporting electrolytes on CFMEs. The UV-vis spectrum of the 
oxidized thin film in NaClO4 / ACN medium, and the optical band gap obtained at 
3.05±0.05 eV, was closer to previous findings (3.25 eV) (268). Due to a unique 
combination of stability, moderate aromatic character, and structural versatility, 
carbazole-π-conjugated systems still represent the most widely investigated basic 
structure for the synthesis of molecular or polymeric materials with a narrow band 
gap [294]. Spectroelectrochemical studies confirm the electrochromic properties of 
the films, which turn from colorless to deep green during oxidation. The anodic 
current density in NaClO4 was observed to be higher than the anodic current 
densities in LiClO4, TEAP and KClO4 in PC. The effects of solvent, supporting 
electrolyte type, and solid state conductivity results were examined in detail. 
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Mechanisms of electropolymerization of Cz were discussed. SEM images of 
electrocoated samples of PCz were taken in different solutions to compare thickness 
values. The maximum thickness was obtained in NaClO4 / ACN (4.83 μm), and 
polymer coating was achieved with 30 cycles at 100 mV s-1.  
In this thesis we report the random electrocopolymerization of carbazole and p-Tolyl 
sulfonyl pyrrole (pTsp) onto carbon fiber microelectrode in 0.1 M NaClO4 / ACN  
media and detailed characterization of the resulting electrocoated copolymer by 
various techniques, i.e. CV, FTIR-ATR, UV-Vis, SEM and energy-dispersive X-ray 
(EDX) analysis. The effect of the pTsp feed ratio to the resulting copolymer on the 
electrocoated of copolymer of Cz and pTsp was investigated. Relationships between 
the electrochemical parameters and the surface composition were investigated (on a 
nano- and micron scale; FTIR-ATR, EDX) and morphological studies of the same 
electrocoated copolymers (SEM images, thickness of coated fibers) were carried out.  
The electrochemical coating and further oxidation of P(NVCz) on carbon fiber 
microelectrodes produced homogeneous coatings in different solutions which can be 
easily prepared and characterized by SEM and AFM. The oxidation potential of 
P(NVCz) was obtained at 1.08 V in 0.05 M TEAP/CH2Cl2. The oxidation potential 
of P(NVCz) was obtained at 1.00 V in 0.1 M NaClO4/ACN. The reversibility of 
modified thin films were obtained at ΔE=0.15 and 0.14 V.  
In this thesis it was shown that electrocoated microelectrodes can be used for the 
determination of neurotransmitters and their reversible behavior was checked against 
dopamine. 
Electrochemical synthesis of carbazole and p-Tolylsulfonyl pyrrole copolymer was 
obtained on CFMEs and platinum button electrodes. Electrodeposition conditions on 
the CFMEs and the influence of the monomer concentrations on the resulting 
copolymer are better for decreasing electrochemical potential values than the Pt 
button electrode. Due to the low oxidation potential of Cz monomer, the formation of 
oligomeric species of Cz by the coupling of radical cations should be followed by the 
coupling of oligomeric radical cationic species of pTsp [or the neutral form of (pTsp) 
by radical reaction]. 
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The solid state conductivity and yield of PCz indicate that a rise in concentration 
leads to an increase in conductivity and yield. In the case of the copolymer, 
conductivity decreased with the increase of pTsp concentration.  
Potentiodynamic measurements show that an increase in the initial feed ratio of 
[pTsp]0 / [Cz]0 from 0 to 200 revealed the maximum anodic current density to be 
0.49 µA cm-2. However, PCz anodic current density is 0.15 µA cm-2. EDX 
measurements indicated the inclusion of pTsp into a copolymer structure, which is 
supported by the reflectance FTIR measurements. The combination of several 
techniques used in this thesis allowed characterization of nano-micron sized coatings 
on carbon fibers.  
In the case of monomers such as carbazole having a high oxidation potential 
compared to its copolymer, the high applied potential cause some degradation on 
resulting polymer. The electrocopolymerization of carbazole with pTsp was studied 
in order to improve the properties of carbazole. The oxidation potential of the 
mixture of Cz and pTsp is lower than that of carbazole.  
The characterization of the copolymer (Cz and pTsp) was achieved through a series 
of methods: cyclic voltammetry, FTIR- ATR spectra and scanning electron 
microscopy. Nyquist plot of copolymer, P(Cz-co-pTsp), in the initial feed ratio of 
[pTsp]0 / [Cz]0 = 5 indicated that the modified CFME gave better capacitance 
behavior especially at lower frequency  than in the initial feed ratio of [pTsp]0 / [Cz]0 
= 200, PCz and uncoated CFME. The bode phase angle also approaches a plateau 
(77o) for P(Cz-co-pTsp) in the initial feed ratios of [pTsp]0 / [Cz]0 = 5. 
The stability of the polymer coated CFMEs tested against dopamine for 26 days. The 
response of electrodes to dopamine is better in the case of the oxidized form. 
Although the reversibility is possible only at high scan rates, reversible response can 
be obtained even at slow rates for copolymer electrodes. The better reversibility was 
obtained at 500 mV s -1 (ia / ic=1). 
PCz and P(Cz-co-pTsp) modified carbon fiber microelectrodes in dopamine solution 
were developed in a simple and fast way by electropolymerization on a single disk 
shaped carbon fibers. The deposition methods allow the modification of electrodes in 
the µm range in a controlled and reproducible ways. 
  169 
 
The sensor displayed higher currents towards the detection of dopamine in 
comparison with uncoated CF. A sensitivity of 2.5 nA / µM, a linear range up to 130 
µM and a detection limit of 0.27 µM for the PCz modified CF and a sensitivity of 
0.05 nA / µM and a detection limit of 0.5 µM for the P(Cz-co-pTsp) modified CF 
were obtained. Sensor electrode in dopamine solution rejected effectively the 
presence of physiological concentrations of ascorbic acid and showed a good 
stability. These characteristics made the developed sensors promising for the 
electrochemical detection of dopamine in the presence of interferences compounds 
such as ascorbic acid.  
In conclusion, we have demonstrated the simple, fast and non-expensive preparation 
strategy of an electrochemical micro-sensor for the convenient detection of dopamine 
in the presence of physiological levels of ascorbic acid. Needle-type disk shaped 
simple microelectrode is more advantageous for in vivo mouse brain future 
measurements (Figure B.12). 
In biocompatible modified microelectrode design and fabrication techniques, 
miniaturization reduces the amount of reagents required and decreases analysis times 
in analytical and biological research. This is particularly advantageous when limited 
quantities of sample are available or increased resolution is desired. Miniaturization 
can facilitate control and detection of biological processes at the cellular and 
subcellular level. Probes made of silicon currently are used to study brain function 
and disease, but as an alternative thin conjugated (nano size) polymer coated carbon 
fibers can be used to create brain probes and implants to study and treat neurological 
damage and disorders. Biosensor technology can enable investigators to detect 
extremely small amounts of chemical or biochemical agents in a biological medium. 
This new technology has many applications, especially in health and medical fields. 
Biosensors can effectively be used to monitor the glucose levels in diabetic patients. 
Sensor solutions is applying biosensors to the wine industry. These sensors are being 
developed to analyze the sugar to alcohol ratio in grapes and in wine.  
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APPENDICES 
A. Materials 
A.1. Sodium perchlorate  
                                                                                                                (A.1) 
Formula: NaClO4,  
Mol Wt: 122.44,  
Physical state: White crystalline solid,  
Melting point: 400 oC (Decomposes),  
Specific gravity: 2.02,  
Solubility in water: Soluble (soluble in alcohol),  
Stability: Stable under ordinary conditions. Hygroscopic, Explosive in contact with 
concentrated sulfuric acid. 
Applications 
Sodium Perchlorate is used to manufacture explosives and matches because of its 
ability to produce oxygen. Perchlorate is a powerful ingredient of bleaching powder 
used in paper and pulp processing and calico printing. 
Perchlorate is the common name for chlorate (VII) salt. The related names to the 
acids are clear when the oxidation number statement is appended; hypochlorite [or 
chlorate (I)] contains the ion, ClO- ; chlorite [or chlorate (III)], ClO2-; Chlorate [or 
chlorate (V)], ClO3-; perchlorate [or chlorate (VII)], ClO4-. 
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A.2.Acetonitrile 
                                                                                                                 (A.2) 
Formula: CH3CN.  
Mol Wt: 41.05, Derivation: by-product of acrylonitrile.  
Physical state: Clear liquid.  
Melting point: -46 oC.  
Boiling point: 81 - 82 oC.  
Specific gravity: 0.79.  
Solubility in water: Miscible, Stability: Stable under ordinary conditions. 
Applications 
Nitrile is an organic compounds containing cyano group (-CN, containing trivalent 
nitrogen) which is attached to one carbon atom with the general formula RCN. Their 
names are corresponding to carboxylic acids by changing '-ic acid' to '-onitrile', or '-
nitrile', whichever preserves a single letter O. Examples are acetonitrile from acetic 
acid and benzonitrile from benzoic acid. The prefix cyano is used as an alternative 
naming system to indicate the presence of a nitrile group in a molecule. Sodium 
cyanide, NaCN; potassium cyanide, KCN; calcium cyanide, Ca(CN)2; and 
hydrocyanic acid, HCN are examples. Chemically, the simple inorganic cyanides 
resemble chlorides in many ways. Organic nitriles are used as:  
  · Extraction solvent for fatty acids, oils and unsaturated hydrocarbons 
  · Solvent for spinning and casting and extractive distillation based on its 
    selective miscibility with organic compounds. 
  · Removing agent of coloring matters and aromatic alcohols 
  · Non-aqueous solvent for titrations and for inorganic salts 
  · Recrystallization of steroids 
  · Parent compound for organic synthesis 
  · Solvent or chemical intermediate in biochemistry ( pesticide sequencing and 
    DNA synthesis) 
  · High-pressure liquid chromatographic analysis 
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  · Catalyst and component of transition-metal complex catalysts 
  · Stabilizer for chlorinated solvents 
  · Chemical intermediate and solvent for perfumes and pharmaceuticals 
Acetonitrile, also called methyl cyanide, is the simplest organic nitrile; clear, 
flammable liquid; melting at -45 oC; boiling at 81.6 oC; miscible with water and with 
common organic solvents such as alcohols, ethers, ethanol, acetone, saturated 
hydrocarbons (alkenes), chloroform, carbon tetrachloride, ethylene chloride and 
chlorinated alkanes, but immiscible with many saturated hydrocarbons (alkanes). 
Gases such as HCl, SO2, and H2S are soluble in acetonitrile. It can be obtained by 
dehydration of an acetic acid and ammonia mixture or by the reaction of ethanol and 
ammonia in the presence of catalyst such as Ag, Cu, MoO3, and ZnS at moderate 
temperatures as well as a by-product of acrylonitrile synthesis. Acetonitrile is also 
produced by the reaction of cyanogen chloride with methane, ketones, ethanol, 
alkylene epoxides, and paraffins (or olefins). Its primary use is as an extraction 
solvent for unsaturated hydrocarbons (especially butadiene) and as a general purpose 
solvent for many compounds including fatty acids and oils based on its selective 
miscibility. It is used as a general purpose solvent for many compounds. It is used in 
the production of fibers, rubbers, and resins. It is replacing acrylonitrile, an important 
starting material in the manufacture of fabrics, plastics, and synthetic rubber. It is 
used as a chemical intermediate in pesticide, perfume and pharmaceutical 
manufacturing. It is used in high-performance liquid and gas chromatographic 
analysis. It is used in extraction and refining of copper. 
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A.3.Propylene Carbonate (PC) 
                                                                                                                (A.3) 
Formula: C4H6O3.  
Mol Wt: 102.09.  
Melting point: -50 oC.  
Boiling point: 200 oC (Decomposes).  
Specific gravity: 1.20 - 1.21.  
Solubility in water: sparingly soluble.  
Stability: Stable under ordinary conditions. 
Applications 
Alkylene carbonates, having outstanding solvency and reactivity, feature low toxicity, 
biodegradability and high boiling point which favors many applications; solvent in 
agriculture, inks, colorings, solvents the production of polyacrylonitrile fibers; and 
hydraulic fluids; component of polyurethanes; production of polycarbonates; 
separation of carbon dioxide and hydrogen sulfide and refinery of aromatics in oil 
filed industry; component of electrolytes in lithium-ion rechargeable batteries. 
Table A.1: Uncoated CFME, PCz, and P(NVCz), which is Coated by Three Different 
Methods, Dependence of the Parameters Calculated from the Model 2  
 Uncoated CFME PCz 
P(NVCz) by 
CV. 
P(NVCz) by 
Chronoamp. 
P(NVCz) by 
Chronopot. 
Rs / Ohm 69.81 73.59 226.7 98.94 209.5 
Cdl / F 2.56x10-6 4.04x10-5 1.66x10-7 4.12x10-6 3.04x10-7 
R1 / Ohm 18.93 7.54 92.52 5.16x10-3 100.6 
Q / Yo/S s-
n 1.03x10
-5 1.08x10-3 1.71x10-6 1.99x10-5 4.13x10-6 
n 0.92 0.76 0.94 0.028 0.93 
R2/ Ohm 2.79x104 3.13x104 1.47x105 2.40x10-3 9.41 
W / Yo/S s-
n 7.07x10
-6 3.81x1013 4.54x10-6 1.67x10-5 8.43x10-5 
Chi 
Squared 
(χ2) 
6.19x10-4 6.46x10-4 6.05x10-4 4.34x10-3 9.50x10-4 
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B. Figures 
 
 
 
 
 
 
Figure B.1 SEM Images of PCz at Magnification of 10 μm by CV. 
 
 
 
 
 
Figure B.2: SEM Images of PCz by Galvanostatic Method (Constant Current: 0.1 A) 
in 30 minute. 
 
 
 
 
 
Figure B.3: SEM Images of P(Cz-co-pTsp) (Initial Feed Ratio of [pTsp]0/[Cz]0=5) in 
0.1 M NaClO4 / ACN, at Scan Rate 20 mV s-1. 
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Figure B.4: SEM Images of a) PCz, 3 Cycles in 0.1 M NaClO4/ACN; b) PCz, 6 
Cycles in 0.1 M NaClO4/ACN; c) PCz, 9 Cycles in 0.1 M NaClO4/ACN; d) PCz, in 
0.1 M NaClO4/DMF; e) PCz, in 0.1 M LiClO4/ACN; f) NVCz, in 0.1 M NaClO4/PC 
at Magnification of 2 μm; g) NVCz, in 0.1 M NaClO4/PC. 
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g) 
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Figure B.5: FTIR-ATR of Electrocoated PCz with 8 Cycle on CFME, (in 0.1 M 
LiClO4/PC), [Cz]0=10-2 M, 50 mV s-1. 
Figure B.6: FTIR-ATR of Spectrum of Uncoated CFME, Electrocoated PCz and 
P(Cz-co-pTsp) in the Initial Feed Ratio of [pTsp]0/[Cz]0=200, with 8 Cycle on 
CFME, (in 0.1 M NaClO4/ACN), [Cz]0=10-2 M, [pTsp]0=2 M, at 50 mVs-1. 
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Figure B.7: FTIR-ATR of Spectrum of Electrocoated PCz in 0.1 M Different 
Solutions (NaClO4/ACN, TEAP/ACN and LiClO4/ACN), with 8 Cycle on CFME, 
[Cz]0=10-2 M, at 50 mVs-1. 
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Figure B.8: DPV Response for Five Additions of 100 µM Ascorbic Acid (1-5), and 
Addition of 44 µM Dopamine (6) at Unmodified Carbon Fiber Microelectrode. 
 
 
 
 
 
 
 
 
Figure B.9: DPV Response for Five Additions of 100 µM Ascorbic Acid (1-5), and 
Addition of 44 µM Dopamine (6) at PCz in LiClO4 / ACN Modified Carbon Fiber 
Microelectrode. 
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Figure B.10: DPV Response for Five Additions of 100 µM Ascorbic Acid (1-5), and 
Addition of 44 µM Dopamine (6) at P(Cz-co-pTsp) in LiClO4 / ACN Modified 
Carbon Fiber Microelectrode. 
 
 
 
 
 
 
 
 
 
 
Figure B.11: DPV Response for 8 Additions of 50 µM Dopamine (1-8) at P(Cz-co-
pTsp) in LiClO4 / ACN Modified Carbon Fiber Microelectrode. 
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Figure B.12: Picture of Electrode Placement in the Brain of Mouse Before 
Experiment. 
 
 
 
 
 
 
 
 
 
 
Figure B.13: Bode-Magnitude Plots of PCz; in 0.1 M TEAP/ACN and TEAP/PC. 
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Figure B.14: Bode-Magnitude plots of P(Cz-co-pTsp); in the Initial Feed Ratio of 
[pTsp]0 / [Cz]0= 0.5, and 200 in 0.1 M NaClO4 / ACN. 
 
Figure B.15: Three Dimensional Structure of Polycarbazole. 
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Figure B.16: Three Dimensional Structure of N-Vinylcarbazole. 
 
 
Figure B.17: Three Dimensional Structure of p-Tolylsulfonyl pyrrole. 
 
 
 
 
 
Figure B.18: Equivalent Electrical Circuit (Model 2) Used in Simulation. 
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Figure B.19: AFM Images of PCz on ITO, Carbazole is Coated in 0.1 M 
NaClO4/ACN by Chronopotentiometric Method, Constant Current at 100 mA in 10 
minute. 
 
 
 
 
 
 
 
Figure B.20: AFM Images of P(Cz-co-pTsp) in the Initial Feed Ratio of 
[pTsp]0/[Cz]0=200 on ITO, Carbazole is Coated in 0.1 M NaClO4/ACN by 
Chronopotentiometric Method, Constant Current at 100 mA in 10 minute. 
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